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 Diamond-like carbon (DLC) nanocomposite has been subjected to intense 
research efforts due to its superior and diversifiable properties. Although numerous 
studies have been performed to characterize the material properties of DLC, limited 
information is available on the growth mechanism of DLC nanocomposite.  
 The primary objective of this work was to establish an understanding on the 
material properties and growth mechanism of DLC nanocomposite. To achieve this 
objective, a model based on the interaction of laser and DLC composite system that 
revealed the role of dopant in altering growth mechanism of DLC nanocomposite was 
explored.  Based on the model, the presence of dopant was found to increase the energy 
absorbed by the composite system. With the energy absorbed from the interaction with 
laser, TRIM simulations showed that the formation of SiC can be enhanced while the 
excess energy can released as heat to graphitize sp
3
 bonding and promote surface 
evolution when energetic ions impinged on substrate during deposition. 
 By incorporating different dopants such as Er, Cu, Er2O3 and ZnO and into DLC, 
the material properties of different DLC nanocomposite systems were examined. The 
presence of Er and Er2O3 at low doping concentration was found to improve the adhesion 
property of DLC through the SiC formation. On the other hand, deposition using Zn/C 
and ZnO/C targets formed ZnO/DLC films but only ZnO/C targets yielded films with 




photoluminescence peak in Zn/C targets grown ZnO/DLC could be attributed to the 
reduced amount, yet more defective ZnO formed. By incorporating Cu into DLC, the 
electrical resistivity were found to decrease by orders of magnitude, and could serve as 
potential candidate for low cost field emitter when coated on Si nanocones. In addition, 
Er, Cu, Er2O3, Zn and ZnO dopants showed similar effects in reducing sp
3 
content, 
increasing the adhesion strength, SiC bonding and surface roughness of DLC.  
 As the presence of dopants in different nanocomposite systems showed similar 
effects in altering the surface and microstructure properties, the study was extended to 
examine material parameters that influenced the growth mechanism of DLC 
nanocomposites. By considering the role of dopants, interaction of laser and composite 
target and application of Saha’s equation in the growth of DLC nanocomposite, the 
presence of dopants with reduced first ionization potential (U) and coefficient of 
extinction (k) was found to increase the energy absorbed and heat dissipation during 
deposition. As TRIM simulations showed that excess energy will be released as heat 
upon the impingement of ions on substrate, the heat may allow the metal ions to diffuse 
and bond with other ions to form nanoclusters, and graphitized the sp
3
 bonding. By 
estimating the energy per ion using model based on U and k, the changes in 
microstructures and surface property on DLC doped with different metals predicted were 
in good agreement with experimental results. Hence, by identifying the material 
parameters of dopants that influenced the changes of microstructures and surface 
properties of DLC, this work may contribute to the prediction on properties changes in 
DLC nanocomposite.  
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 Diamond-like carbon (DLC) has been subjected to intense research owing to its 
attractive material properties such as mechanical robustness and superior tribological 
properties.
1,2
 By incorporating dopants into DLC, the formation of nanoclusters in DLC 
are often desired as novel electrical, magnetic, mechanical and optical properties can be 
introduced while the nanoclusters will benefit from the synergistic interaction with 
carbon. Hence, DLC with improved and unique properties can be obtained through the 
formation of DLC nanocomposite.
4–16 
In order to fully utilize this interaction, it is 
important to have an understanding on the factors, mechanism behind the formation, and 
material parameters of dopants that govern the resulting properties of DLC. As the 
properties of DLC are strongly dependent on the microstructures, or more specifically the 
chemical bonding states of the material,
1,2,17–35
 it would be beneficial to start this study 




 Carbon, with a valence number of four is a highly versatile element owing to its 








The hybridization of  



















 configuration, the four valence 
electrons of a carbon atom are assigned to four sp
3
 orbital which make an angle of 109.5º 
with each other, and tetrahedrally form four strong σ bonds with the adjacent atoms.2,17 In 
sp
2
 configuration, three out of four of the valence electrons are assigned to three sp
2
 
orbital which make 120º with each other, and form three strong σ bonds with the adjacent 
atoms.
2,17
 The remaining electron for the sp
2
 lies in the pπ orbitals which lies normal to 
the σ bonds, form a weaker π bond with another π orbital with one or more than one of 
the adjacent atoms.
2
 In the case of sp
1
, two out of four of the valence electrons go into the 
two σ orbital which are directly opposite to each other in the x-axis, and form two strong 
σ bonds. The remaining two electrons lie on the 2pπ orbital in the y and z direction to 
form π bonds in the y and z directions.2 Depending on the bonding configuration, carbon 
can form a variety of crystalline and disorder structures, such as diamond, graphite and 
amorphous carbon. 
 At 300 K and 1 atm, diamond is the kinetically stable phase of carbon which  





 bondings throughout its entire volume. The presence of these highly 
directional σ bonds render diamond the highest Young’s Modulus, hardness, largest room 
temperature thermal conductivity compared to of any solid, a wide optical band gap of 
5.5 eV, largest limiting electron and hole velocities and smallest coefficient of thermal 
expansion compared to any semiconductor materials
 2,38
 On the other hand, graphite is the 







 networks form planar six fold rings of single and 
double bonds, with weak Van der Waals π bonding between the planes. The in-plane σ-
bonded carbon atoms have a shorter bond length compared to the σ bond in diamond, 
thus giving higher in-plane strength to graphite compared to diamond.
2,17
 A single 




 Pure diamond, which has been known for more than 200 years, has been a dream 
for device engineers as this material possesses brittle fracture strength 23 times higher 
than silicon and the projected life for diamond as structural element in 
microelectromechanical systems (MEMS) is 10000 times greater than Si owing to its 
extremely high hardness, low surface roughness and coefficient of friction (COF).
41,42
 
However, the practical application of diamond in industry is often limited by the cost  and 
scarcity of natural diamond, while artificial chemical vapor deposited diamond often 
exhibits inferior properties such as large COF, poor interface adhesion and high 
temperature is required during fabrication.
42
 
 A new type of carbon with the material properties similar to diamond was first 
reported by Aisenberg and Chabot using ion beam deposition technique in 1971.
43
 The 
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films grown using energetic carbon ions were electrically resistive (10
10 cm), hard, 
optically transparent with high refractive index (>2.0 compared to diamond with 2.4), and 
chemically inert.
43
 These films, which exhibited diamond characteristics but with 
amorphous structures were termed as diamond-like carbon. Owing to its superior 
properties resemble diamond, yet obtainable at a lower cost of fabrication, DLC has been 






 In Section 1.2, a more detailed review on DLC including the microstructures, 
material properties, technique of fabrication, and challenges in the application of DLC 
will be presented. The remedy in addressing the limitation of DLC, i.e. with the 
formation of DLC nanocomposite will be covered in Section 1.3. The objectives of this 
work are outlined in Section 1.4.   
 
1.2 Diamond-like carbon 
 







 In addition to the formation of bonding with carbon system with 
different hybridized orbitals, DLC can also form bonding with hydrogen, nitrogen and 
metal.
17




 and hydrogen that are present, the 
amorphous carbon (a-C) is loosely classified into tetrahedral amorphous carbon (ta-C), 
hydrogenated amorphous carbon (a-C:H), glassy carbon or graphilitic carbon or the 
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equivalent term graphite-like amorphous carbon (GAC), hydrogenated tetrahedral 
amorphous carbon (ta-C:H) and polymer like amorphous carbon (PAC).
2,17
 The ternary 




 and hydrogen is shown in Fig. 1.2.
2
 

















hybridization ratio is linearly related with the atomic density of the a-C structure. Thus, 
through this density, many other physical properties of a-C also depend on this ratio. 
22,23,32–33
 For example, in the hybridization of carbon in forming sp
3
, the carbon can only 
form a  bond while carbon in sp2 hybridization can give rise to  bonding. Since  bond 
is stronger and stiffer than  bonding, the presence of sp3 bonding can have a direct 
influence of the mechanical properties of DLC.
22
 In fact, in the study performed by Gan 
et al., the mechanical properties, such as Young’s Modulus and hardness of DLC were 
found to be affected by the sp
3
 content in DLC.
34
 In a separate study performed by Weng 





was the highest among the samples.
35
 However, the presence of high sp
3
 content can 
bundle DLC with high internal stress but smooth surface, which will be discussed later.  
 On the other hand, by considering the Huckel approximation which taken the  
states and  states as separated entities with limited interaction between each other, the  
bondings favor a clustering of sp
2







Thus, the cluster model proposed that the sp
2
 sites tend 
to be arranged in planar,  bonded clusters of certain size embedded in sp3 bonded matrix. 









As the  states lie closest to the Fermi level, the electronic properties and optical gap of 
DLC are controlled by the sp
2
 sites, while the sp
3




 It is worth noting that in the microstructure of amorphous carbon, sp
2
 is a thermo- 
dynamically more stable phase compared to sp
3
. Thus, the fraction of sp
2
 which 
controlled the electronic structures of the DLC can be altered if the sp
3
 bondings are 
graphitized to sp
2
 when energy is supplied, usually by means of heat.
1,2
 In this study, as 
the influence of sp
1
 to the properties of DLC is reported insignificant,
2
 more focus will be 
given to sp
3
 as this can reflect the corresponding changes of sp
2
 in DLC. Selected 
material properties of two different classes of DLC films, i.e. ta-C and a-C: H is tabulated 
in Table 1.1, and the material properties of polysilicon and diamond are provided in the 
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ta-C: H ta-C Diamond Ref. 
sp
3 
(%) 0 50–70 80–88 100 [42] 
Young’s Modulus (GPa) 130 
100– 
300 
>800 1100 [2, 42, 36] 
Hardness (GPa) 9.81 10–30 ~90 100 [2,42, 36] 
Density (gcm
-3
) 2.33 ~2.2 3.1 3.515 [42, 36] 





400–1000 b  to 
20–40c 
[41,36,37] 
Coefficient of friction 0.6 0.002 0.08
a
 0.05–0.1d [37,44] 
Optical band gap ( eV) 1.1 2.0–2.5 2.7 5.5 [42] 
 
a 
Fabricated by FCVA and sliding of sapphire ball in air                                                  
b 
Microcrystalline diamond grown by CVD                                                                                
c
 Ultra-nanocrystalline diamond grown by microwave plasma synthesis                                                                              
d 
Diamond stylus sliding over polished diamond (001) face in air                                                                                       
e 
Single crystal silicon 
 
same table to facilitate comparison.  It can be seen from Table 1.1 that the mechanical 
and surface properties of DLC are similar to diamond when the sp
3
 content increases in 
the films. With the higher Young’s Modulus, hardness and reduced surface roughness, 
DLC can be a more reliable candidate than silicon when the mechanical and surface 
properties are concerned.  
 Driven by the fundamental and technological importance offered by DLC, various 
techniques such as magnetron sputtering,
45
 mass selected ion beam deposition 
(MSIBD),
46
 filtered cathodic vacuum arc (FCVA),
19,36,37
 and pulsed laser deposition 
(PLD)
20,47
 have been explored in fabricating DLC. While each technique is unique in its 
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own working principles, the growth of DLC usually involves the generation of energetic 
carbon ion flux.
19,20,36,37,44–47
 When the carbon ions are delivered to the surface of 
substrate at sufficient high energy, these carbon ions can penetrate through and occupy 
the subsurface positions of substrate. With a continuous supply of energetic carbon ions, 
the subsurface positions of the substrate will be successively replaced by carbon atoms 
and leads to the formation of dense, but highly stressed, sp
3




 As the formation of sp
3
, which governs many of the material properties of DLC 
originated from the energetic carbon ions, the ion energy of the impinging carbon species 
is of particular importance in altering the properties of DLC. By using FCVA, Veerasamy 
et al. showed that the compressive stress, density, resistivity of the DLC, which is 
strongly correlated with the sp
3
 fraction, each pass through a maximum of about 140 eV 
when these properties were measured as a function of ion energy between 10–500 eV.49 
By controlling the ion energy at ~100 eV as shown in separated studies, DLC films with 
minimum surface roughness (~0.1 nm) was reported when the ion energy was altered 
between 0–250 eV.50 In a separate study performed using FCVA, the optimal energy in 
forming highly sp
3
 bonded DLC with the maximum stiffness and hardness was ~80–100 
eV when the influence of ion energy was examined between 0–160 eV.51 Although the 
energy of the impinging carbon ions has been reported crucial in determining the 
microstructures,
2,18,21,48,52,53 
discrepancy between the optimal energy in forming highly 
sp
3
 and smooth DLC have been observed. For instance, in the fabrication of DLC using 
MSIBD technique, Lifshitz et al. showed that the optimal energy in forming highly sp
3 
bonded DLC films with very smooth surface was >30 eV. When the ion energy of carbon 
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was reduced <30 eV, the resulted films were rough and graphilitic in nature.
48,53
 On the 
other hand, using PLD technique, Koivusaari et al. showed that DLC films with ~77 % 
sp
3
 bonding were yielded with carbon species of 500 eV, using laser fluence of ~45 J cm
-
2
. When the fluence was reduced to 20 Jcm
-2
, the energies of the carbon species was ~240 




 Despite of the discrepancy in the optimal energy in forming highly sp
3
 bonded 
DLC films, DLC has been widely used and found many important industrial applications. 
As the critical dimension of devices continues to shrink, the dominance of surface- 
related-forces such as adhesion, friction, meniscus forces, viscous drag forces, and 
surface tension over volume-related-forces such as inertia or electromagnetic forces 
become more prevalent.
55
 This imposes more stringent requirements on the material 
properties of structural elements as the reliability of the miniaturized features often 
challenged by surface related failures.  For example, Gabriel et al. showed that wear is 
one of the dominant failure mechanisms for polysilicon microturbine and gears, while 
Lee et al. showed that the lifetime of microfabricated radial-gap electric motor was 
limited to 10 000 cycles due to high friction and wear of nitride polysilicon bearings.
56–59 
In this aspect, DLC has become an attractive material for future applications as it 
possesses material properties that resembled diamond such as high hardness, high wear 
resistance, low surface roughness, low COF and chemically inert to various chemical 
substances.
2 
A survey through Table 1.1 on the mechanical properties of DLC compared 
to polysilicon suggests that the life time of DLC based MEMS could be higher than Si 
based MEMS, since the projected life time for diamond based on the surface and 
mechanical properties of diamond is 10000 times greater than Si.
42
 In addition, as the 
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resonant frequency and sensitivity of sensor is proportional to square root of Young’s 
Modulus, Chua et al. showed that the resonant frequency of microcantilever can be 
improved by twice by changing the structural material from Si to DLC.
60
 
 On the other hand, in magnetic storage disk, data are stored in a magnetic layer of 
Co-Cr-Pt alloy
61 
and a magnetic head slider flies on the air bearing on the order of 50 nm 
above the bearing surface.
62
 In order to protect against the frequent contact between the 
slider and disk surfaces, the disk is coated with about 10–15 nm thick hard coating, which 
almost exclusively is DLC.
59
 With the increasing demand on the storage density, the 
spacing between the reader and the disk has to be reduced, which limit the thickness of 
the protective coating to 1–2 nm thick.63,64 This could seriously challenge the 
performance of DLC as it may not be able to maintain its bulk properties when the 
thickness drops below 3 nm.
63
 
Although DLC has found many other important applications such as low-k 
dielectric films in integrated circuits, biocompatible coatings,
2
 and antireflective coating 
in solar cell,
65
 the reliability of the films are often limited by the high internal stress of the 
films. The high internal stress of ~12 GPa,
66,67
 which inherent from the mechanism 
during the formation of DLC phase as discussed, can lead to the buckling or spontaneous 
delamination of films from substrate.
66,68
 In addition, as the sp
3
 phase which imparts the 
superior properties of DLC is thermodynamically unstable, the performance of DLC can 
be compromised when subjected to temperatures >300 C in air, whereby the sp3 bonding 




 Moreover, as the intrinsic electrical conductivity 
and chemical reactivity of DLC is very low,
2
 thus the integration or the functionalizations 
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of DLC with other technology or elements would be a challenge. Thus, this can limit the 
application of DLC if the intrinsic properties of DLC are retained without modification. 
 
1.3 Diamond-like carbon nanocomposite 
 
 DLC nanocomposite is a modified class of DLC, in which dopants are 
incorporated into the amorphous carbon matrix to improve and modify the intrinsic 
properties of DLC. By incorporating single element dopants such as molybdenum, 
tungsten, silver and cobalt into DLC, different studies have shown that DLC with reduced 
internal stress and unique material properties can be obtained.  For example, the addition 
of molybdenum
70,71 
have not only been demonstrated as an effective method in reducing 
the internal stress, yet this metal is capable of improving the electrical conductivity of 
highly resistive DLC by orders of magnitude.
70,71
 On the other hand, the presence of 
tungsten has been reported to improve the thermal stability of DLC.
72
 In the research of 
magnetic materials, DLC films with unique magnetic properties have been successfully 
fabricated by incorporating magnetic cobalt particles in DLC. The resulted films was 
found to have increased hardness and reduced media noise owing to the presence of 
immiscible carbon matrix.
5–7
 In such a case, Co imparted magnetism and strengthened the 
amorphous carbon, while benefited from the mechanical, biocompatibility and corrosion 
protection from carbon matrix.
5–7 
By embedding Co, which is the magnetic clusters 
responsible in contributing to data storage into DLC, the formation of DLC 
nanocomposite could be a very effective solution in increasing the storage density of 
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magnetic storage without compromising the reliability of magnetic storage disk. In 
addition to the improvement in mechanical, electrical and magnetic properties, recent 
work by Chekan et al. reported that the incorporation of silver into DLC can inhibit the 
growth of some tumors and exhibit antibacterial characteristics.
12
 This result is exciting 
as the inherent chemically inert DLC could be made from a biocompatible to 
bioprotective coating through the formation of DLC nanocomposite, and thus could 
extend the application of DLC composite in biomedical area.  
 On the other hand, classified as an amorphous semiconductor, DLC films have 





Due to this nature, the optical properties of DLC can be tailored by incorporating 
optically active materials. For example, by embedding erbium into DLC, researchers 
have shown that near infra red photoluminescence can be imparted to DLC.
13
 







 into DLC have been reported by different 
researchers; thus, could possibility widen the application of DLC into the field optics or 
optoelectronics. Although interesting findings have been reported specifically on the 
photoluminescence properties, limited information is available on the material properties 
such as the surface and microstructure properties of heavy rare earth metal and metal 
oxide, and compound oxide DLC nanocomposite. In addition, though some of the 












 showed similar influence 
in reducing the sp
3 
bonding in DLC, Choi et al. showed that the sp
3 
content of DLC was 
increased with the presence of Si.
68
 In a separate study reported by Corbella et al., the 
presence of metal dopants was reported to alter the surface roughness of the films and 
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influence the COF of DLC differently, depending on the type and the concentration of 
dopants.
79
 Thus, the effects of different dopants on DLC are specific and strongly 
depending on the characteristics of the dopants and up to date, there is no scientific 
prediction can be made on the changes of the microstructures and surface properties of 
DLC.  










Among these techniques, PLD has gained increasing attention as this method is capable 
of providing stochiometric growth flux from complex target system,
90 
which is crucial in 
the formation of DLC nanocomposite. Although numerous studies have been devoted to 
study the microstructure properties and the influence of energy of carbon ions in 
DLC,
1,2,18–21,36–54
 information on the role of metal in addition carbon ions to the energy 
during the growth of DLC is limited. In addition, though many research works have been 
performed in characterizing the material properties of the resulted DLC 
nanocomposite,
70–89
 the material parameters of the dopants which are governing the 
growth mechanism and resulted material properties of DLC nanocomposite remain 
ambiguous. 
 
1.4 Objective of this research 
 
 From the above review, it is obvious that DLC with improved and unique 
properties can be obtained through the incorporation of dopants. In order to fully utilize 
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 the synergistical effect between the carbon matrix and dopants, it is of great importance 
to have an understanding on the factor, mechanism behind the formation, and material 
parameters of dopants that govern the resulting properties of DLC. However, to my best 
knowledge, the effects of dopants on DLC are unique and so far there is no general rule 
to predict changes in the material properties of DLC with respect to different dopants. In 
addition, though numerous studies have been devoted to understand the formation of 
DLC by considering the energy of carbon ions, limited information is available on growth 
mechanism of DLC nanocomposite and the role of metal in addition to carbon ions 
during growth mechanism of DLC nanocomposite.  
 The main objective of this study is to establish an understanding on the material 
properties and mechanism behind the formation of DLC nanocomposite. More 
specifically, this work attempts to: 
1. Develop and understanding on the role of dopants in addition to carbon species in 
the formation and growth mechanism of DLC nanocomposite 
2. Investigate the material properties of DLC doped with different dopants with 
respect to growth mechanism 
3. Predict the changes of surface and microstructure properties based on model 
explored  





and characterized by the capability in 
providing stoichiometric growth flux.
90 
These factors are critical as the focus of this study 
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is related to the role of metal ions and the formation of a nanocomposite system. The 
results from the study should help to shed some light on the growth mechanism of DLC 
nanocomposite using PLD and reveal the role of dopant in the formation of DLC 
nanocomposite. By identifying the material parameters that influence and dictate the 
changes of DLC, this work may contribute to the prediction on properties changes in 
DLC with respect to different type of metal dopants, and facilitate the future development 
of DLC nanocomposite into different applications. 
 In this study, a model of interaction between laser and DLC composite system 
will be presented in Chapter 3. In Chapter 4, the material properties of DLC doped with 
different metals and metal oxides with respect to the growth mechanism will be reported. 
The prediction of changes in microstructure and surface properties for different metal 
doped DLC nanocomposite systems will be presented in Chapter 5. In Chapter 6, a 
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 In this chapter, the principles of the experimental techniques used in this study 
will be described. In Section 2.1, the experimental technique used to fabricate DLC 
nanocomposite, i.e. PLD will be detailed. The techniques used to characterize the 
properties of the resulted films will be presented in Section 2.2.  
 
2.1. Thin film fabrication using pulsed laser deposition (PLD) 
technique 
 
 The use of the pulsed laser as a direct energy source for the growth of thin films 
was first demonstrated by Turner and Smith in the 1960s.
1  
Despite the early discovery, 
the application of PLD remained limited due to lack of niche for this technique to 
compete against other more mature thin film growth technologies, and the lack of reliable 
and affordable high energy lasers in 1960–1980s.2 Until the late 1980s, coupled with the 
break through and reduction in operational cost of laser, PLD was subjected to renewed 
interest when epitaxial high-temperature superconductor films, i.e. YBa2Cu3O7-x were 
successfully grown using this method.
2,3 
Chapter 2 Experimental techniques 
26 
 
 PLD is physical vapor deposition technique which involves three major 
components, namely target material, substrate and laser energy as the energy supply to 
transport material from the source to substrate in the formation of films.
2
 The photo and 
the schematic diagram of a PLD system are as illustrated in Fig. 2.1 and Fig. 2.2, 
respectively. During a pulse laser deposition process, a beam of laser is generated and 
directed into the deposition chamber, following the path defined by the optics of the laser 
system. When the laser enters into the deposition chamber, an intense laser is focused 
onto a target material to be deposited. The energy focused on the target is absorbed by the 
material and at sufficient high energy density each laser pulse ablates a small amount of 
material from the target and form plasma plume. Under high vacuum, the plume expands 
supersonically in a forward directed manner. This plume provides the material flux and 
when condensed on substrate, films is grown on the substrate.
2,3
 The plume formed 
during a laser ablation process is shown in Fig. 2.3.
 
 The properties of the film grown by PLD are influenced by several factors such as 
the fluence and wavelength of the laser source, the substrate temperature, and the vacuum 
 
Fig. 2.1. Photo of a PLD system. The red arrows indicate the path travelled by laser before 
entering into deposition chamber.  






























Fig. 2.3. The formation of plume during laser ablation process on a Cu/C target.  
 





 For a low laser fluence or low absorption at the particular wavelength, the target 
materials will be evaporated instead of ablated from the target and the stoichiometry of 
film from a multi-components target will be influenced by the vapor pressure of the 
component. However, as laser fluence is increased and reaches the ablation threshold, the 
laser energy absorbed is higher than those needed for evaporation, and ablation will be 
independent of the vapor pressure of the constituent cations in the target.
3
 The ablation 
threshold is wavelength dependent, and a shorter wavelength required a smaller fluence 
to reach the ablation threshold. For DLC, the sp
3
 content is influenced by the wavelength 
and the fluence of the laser used for the deposition,
4
 and experimental data have shown 





 In addition, the properties of the films are also influenced by the 
substrate temperature and the vacuum condition during deposition. DLC is only formed if 
the deposition is carried out below a critical temperature, and the critical temperature is a 
variable that decreases with increasing fluence energy.
3
 In the case of using 248 nm KrF 
excimer to form DLC, the critical temperature which will promote the formation of 
graphite-like coatings is about 150–200 ºC.6.  
 PLD has been a remarkable deposition technique due to its capability in 
delivering stoichiometric growth flux from complex target system. The incorporation of 
multi-chemicals system into silicon using thermal evaporation technique is often 
complicated by the different vapor pressure and differences in thermal decomposition 
temperature; thus, individual sources are needed if thermal technique is used to fabricate 
material with complex stoichiometric.
7
 The penetration depth, L can be estimated a 
function of thermal diffusion length (D) and pulse duration () in which L = 2(D)1/2. If L 
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is less than the thickness of material ablated per pulse, then the stoichiometry of the 
plume will be same as the target.
2
 With the short thermal cycle and short pulse duration 
inherent from PLD process, the complication in fabricating multi-elements films as in the 
case of thermal technique is resolved. In addition, by introducing reactive gases such as 
H2, CH4, N2 or O2 during laser deposition process, stoichiometric hydrides, carbides, 
nitrides and oxides films can be obtained at low temperature.
7
 For example, the use of a 
discharge ring in the ablation plume to lower the growth temperature of YBa2Cu307-x 
(YBCO) superconducting films, and the use of a microwave discharge seeded nitrogen 
nozzle beam to synthesize -carbon nitride (CNx) have been reported.
2
 Although the 
presence of gases can improve the stoichiometry of the film, the average kinetic energy 
of the ablated species can be reduced due the scattering and collision between the gas 
molecules and ablated species.
2,7,8
 Thus, the properties of the resulted films are dependent 
on the pressure of the gas. In the case of carbon deposition, graphilitic films have been 
reported when vacuum pressure was higher than 10 Pa.
7 
Nonetheless, PLD has been 
widely used in the fabrication of DLC as this technique is capable of producing high 
quality DLC films, offering repeatable growth rate by controlling the laser repetition rate 
and feasible for room temperature deposition.
2,8,9
 
 In this study, the deposition was performed using a Lambda Physik PLD system, 
with KrF excimer at the wavelength (λ) and pulse duration () of 248 nm and 25 ns, 
respectively.  
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2.2. Materials characterization techniques 
 
 In this section, the techniques employed in the characterization of the DLC 
nanocomposites will be described.  As the physics behind each technique can be 
pervasive, this section will present the fundamental theory behind each of the techniques 
used in this study. 
 
2.2.1. Raman spectroscopy 
 
 Raman effects was first observed by Sir C. V. Raman in 1928 and this technique 
has been used to study the vibration and rotation of molecules when interacts with light.
10 
When light interacts with matter, the photon will be absorbed, scattered or pass through 
the matter without interaction with the matter, and Raman spectroscopy is mainly 
concerned with the scattering process during this interaction.
11 
When a beam of light with 
ho is incident on a sample, the light will polarize the cloud of electron and the nuclei to 
form a short-lived state, i.e. virtual state. This virtual state is not stable and the photon 
will be re-radiated with hm.
11,12
 Depending on the energy of the re-radiated photon, the 
scattering process can be classified as elastic or inelastic. If only the electron cloud 
distortion is involved in the scattering, the photon will be scattered with very small 
changes in frequency, and thus can be considered as elastic scattering, i.e. Rayleigh 
scattering, as shown in Fig. 2.4.
11
 However, if nuclear motion is induced during the 
interaction and energy is transferred either from the incident photon to the molecule or 
from the molecule to the scattered photon as a result of nuclear motion, the scattering will 














Fig. 2.4. Elastic and inelastic scattering process during the interaction of light with matter.
10 
 
be inelastic in nature and termed as Raman scattering. In Raman scattering, if energy is 
absorbed by the molecules and the energy of the final vibration state, i.e. the transition 
from m (ground state) to n (excited) level is increased, the scattering process is named as 
Stokes scattering. If the energy of the final vibration state is lower than the initial and 
involves the transition from n to m states, the scattering process is called anti-Stokes 
scattering.
11 
By detecting the scattered photons using a spectrometer, information on the 
molecules that have interacted with the incident photon can be revealed by considering 
the energy difference between the incident and scattered photon, i.e. the shift in 
wavenumber ,  in which  can be obtained from the wavelength of incident and 
scattered photon.   
Raman spectroscopy has been widely used as a non-destructive method in the 
characterizing carbon materials.
13–17
 In this study, Renishaw Raman spectrometer 2000 
with 514.51 nm green argon laser was used to study the microstructural properties of the 
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DLC matrix. The laser beam was focused onto the sample surface using an optical 
microscope with a magnification of 50× at spot size of 1 μm.  The Raman spectra were 
acquired in the range of 300–2000 cm-1, and 1000–2000 cm-1 for broad and narrow scans, 
respectively. In order to avoid damage to the films, a low power input at 1.5 mW was 
used during signal acquisition. 
 
2.2.2. X-ray photoelectron spectroscopy (XPS) 
 
 XPS is a surface sensitive technique which can be used to study the composition 
and the chemical binding states of almost all elements, except hydrogen and helium.
18
 
When the sample is irradiated with X-ray source with energy h, the core shell electron 
in the sample will be ejected through photoemission process, moving in vacuum with 
kinetic energy of EK, after overcoming the electron binding energy EB from the sample. 
The photoemission in XPS is depicted in Fig. 2.5.
18
 EF, EV and EW in Fig. 2.4 correspond 
to the Fermi energy level, valence band minimum and the work function of the 
spectrometer, respectively. By using X-ray source with known energy such as Al K 
(1486.6 eV) or Mg K (1253.6 eV), the binding energies, which are unique for different 
type of chemical bondings can be obtained by using Equation (2.1) as below:
19
   
WkB EEhE         (2.1) 
By comparing the binding energies with standard values in XPS handbook, the identity of 
the chemical bondings can be identified.  























 In practice, XPS spectra will be presented as a plot of intensity vs. binding energy, 
in which the spectra comprised different chemical bondings formed by the element under 
investigation. By taking silicon as an example, the XPS spectrum at Si 2p may comprise 
elemental silicon, silicon oxide and silicon nitride bondings.
20
 By employing a computer 
software program, these bondings can be identified through the deconvolution of the Si 
2p spectrum, as shown in Fig. 2.6.
20
 
In this study, a Kratos Axis Ultra DLD XPS spectrometer using monochromatic 
Al Kα (1486.69 eV) was used to study the surface properties and the bonding states of the  
films. The analysis chamber was evacuated to 1.3  10-7 Pa or lower and spectra were 
collected in a concentric hemispherical analyzer in a constant energy mode, with a pass 










energy, Ep of 20 and 160 eV was used for narrow scan and wide scan, respectively. The 
core level spectra were obtained at a take-off angle of 90. In order to reveal the different 
chemical bondings, XPSPEAK v.4.1 software was used to deconvolute the XPS spectra. 
  
2.2.3. Secondary ion mass spectroscopy (SIMS) 
 
 SIMS can be categorized as a destructive analysis technique which can provide 
information on the composition and distribution of element across the depth of the 






 is used to 
bombard on the surface of a solid in order to induce sputtering of secondary particles.
 
Fig. 
2.7 shows the generation of secondary particles by an energetic primary source.
21 
The 
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secondary particles can consist of electrons, neutral species (atoms or molecules) and 
ions, but only the ions are useful in SIMS analysis.
21
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accelerated into a mass spectrometer and separated according to their mass-to-charge 
ratio, which can reveal the composition of the sample.
22
 Fig. 2.8 shows a simplified 
instrumentation of SIMS apparatus.
21
 If an intense flux of primary ions is used to remove 
the surface and subsequently signal is collected after the removal as in depth profiling or 
dynamic SIMS, the distribution of elements as a function of depth of the sample can be 
obtained. In this work, a Cameca IMS 6F SIMS with primary beams of O2
+
  at 7.5 keV 
impact energy was used for surface and depth profiling to reveal the interfacial properties 
of DLC nanocomposite. 
 
2.2.4. Transmission electron microscopy (TEM) 
 
 The first TEM was built by Max Knoll and Ernst Ruska in year 1931 and since 
then, TEM has been an important tool to study the morphology, composition and 
crystallography of solid.
23
 In TEM imaging, a focused electron beam is transmitted 
through an ultra thin sample (<200 nm), and the image forms after the interaction 
between electron/samples is magnified, focused and projected on an imaging device such 
as fluorescent screen, a film plate, or a video camera.
22
 Figure 2.9 shows a simplified 
diagram of TEM instrumentation.  
 The instrumentation of TEM is similar to that of a transmission light electron 
microscope, except that the visible light source and glass lenses used in light microscope 
is replaced by electron beam and electromagnetic lenses, respectively. Although a high 
vacuum system is needed for TEM to avoid collision of electron with molecules in air, 
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the improved resolution (~0.2 nm) in TEM compared to visible light microscope (~200 
nm) owing to the smaller de Broglie wavelength of the electron beam, makes TEM a 
preferred imaging technique nanotechnology research.
21 
In addition, the capability of 
TEM to perform electron diffraction and imaging simultaneously makes it a very useful 
technique to reveal the formation of nanoclusters in DLC. In this study, a JEOL JEM-
3010 TEM with LaB6 filament and point-to-point resolution of 0.17 nm was used to study 
the morphology and crystallography of the films.  During the scanning, the electrons 
were accelerated to 300 kV and a high-angle annular detector was used to collect the 
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2.2.5. Atomic force microscopy (AFM) 
 
 Atomic force microscopy (AFM), which is also known as scanning force 
microscopy (SFM), is a simple yet versatile technique which can be used to provide 
topographical information and reveal the surface roughness of any films.
25 
AFM consists 
of a micro cantilever, usually made of silicon or silicon nitride, with a nanoscale tip at the 
end of the cantilever. When the tip is brought near to the sample, interaction force 
between the tip and sample will deflect the tip and the deflection is in accordance to 
Hooke’s Law. The deflection is then measured in terms of a laser spot reflected on a 
position sensitive photodiode, where the information will be processed by computer.
22 
A 
block diagram for AFM is as shown in Fig.2.10.
25 
 AFM can operate in three modes, i.e. contact, non-contact and tapping mode. As 
indicated by the name, the probe tip is in contact with the surface of the film during data 
acquisition. In tapping and non-contact mode, the tip is brought near the surface but 
intermittent touching or absolutely not touching the surface of the sample; thus 
minimizing damage or artifacts on the sample.
21
 In this study, the surface morphology 
and roughness of the films were examined by using a Digital Instrument Nanoscope III 
AFM in tapping mode. In order to account for the variation of samples, three readings 
each with scan size of 1 µm by 1 µm were taken at different locations on the films for 
comparison in this work. 
 
 










2.2.6. Microscratch tester (MST) 
 
 Interfacial bond strength or adhesion is commonly quantified using scratch test.25 
During a scratch test, the indenter is drawn across the surface with either a constant or 
progressive load and the film will be resisting the deformation due to the load applied. 
After certain amount of load is applied on the film, the indenter will start to penetrate 
into the film. When the film fails to resist the deformation owing to the applied load, the 
indenter will be able to penetrate into the interface between substrate/film, and the load 
where the indenter reaches the interface is defined as the critical load, or adhesion 
strength of the film. The critical load in MST can be precisely detected by using a 
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acoustic sensor attached to the apparatus, optical microscope and the changes in 
coefficient of friction (COF), which is a material dependent parameter.   
 In this work, a CSM Micro-Scratch Tester swinging module version 2.74 was 
used to determine the COF and adhesion strength of the films to substrate. The tests were 
carried out under normal lab condition and the samples were tested using a Rockwell 
diamond indenter (200 µm). During a test, the indenter exerted force on the interface 
between film and substrate with a progressive increasing load from 0–3.5N for 3 mm 
length, unless otherwise stated. The COF, µ can be determined from a plot of tangential 
force vs. progress load and the change in COF is estimated as the critical load of the 
samples. 
 
2.2.7. Hardness and modulus measurement 
 
 Hardness and Young’s modulus are often considered as important material 
properties when mechanical performance is concerned. Hardness is a measurement on the 
material’s resistance to localized plastic deformation, while Young’s modulus is a 
measurement on the stiffness or the resistance of the material to elastic deformation when 
subjected to yield stress.
27
 In practice, the mechanical properties of DLC are often 
characterized using nanoindenter, whereby a small diamond tip is progressively forced 
into the films to yield a force-displacement curve.
28
 In this study, the hardness and the 
Young’s modulus of the DLC nanocomposite films were examined using a Nano-
Indenter XP with a diamond Berkovich indenter. A continuous stiffness method with a 
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constant nominal strain rate of 0.05 s
-1
 was used in nanoindentation and the Young’s 
modulus was determined from an analysis of the force versus displacement response 
measured during indentation of the material. 
 
2.2.8. Photoluminescence property 
 
Photoluminescence is a phenomenon in which light is emitted from material 
through optical simulation.
22 
When light is incident on matter, the energy carried by the 
light will be absorbed by the matter and promote the electrons at ground states to excited 
states. As the electrons at excited states are not stable, these electrons will fall back to 
ground states and the energy will be released as heat or radiation. The emission of light 
from matter through optical simulation is termed as photoluminescence (PL). Fig. 2.12 
shows a typical photo-excited and PL process of semiconductor material.
30










Fig. 2.12. Photo-excited process in semiconductor materials. 
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(I) in Fig. 2.12, the electron at ground states will be excited from valence band (VB) to 
conduction band (CB) if the energy of the radiation is greater than the band gap between 
VB-CB. Upon relaxation to ground state (II), the band to band transition will be released 
as radiation. In the cases where substates such as defect states are present, non-radiative 




 In this work, a Jobin Yvon Horiba, LabRam HR800 system was employed to 
study the emission properties of DLC nanocomposite. During data acquisition, the signal 
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Model of interaction between laser and DLC composite 
system 
  
 In this chapter, a model based on the interaction between laser and composite 
system will be presented. Based the model explored, the role of dopants in altering the 
deposition mechanism, microstructure and surface properties of DLC nanocomposite 
systems will be discussed.  
 
3.1. Introduction  
 Owing to the fundamental and technological importance offered by DLC, various 
technique have been explore to fabricate DLC after the first deposition of DLC was 
reported in 1971.
1









 Although each technique has its 
own working principles, the formation of DLC has been attributed to the densification of 
carbon ions.
6
 In addition, the energy of the impinging carbon ions on the growing surface 





and governing the final properties of the films.
3,4,6,7,12–15
 For example, the optimal 
energy to grow smooth and highly sp
3
-bonded DLC using MSIBD with single carbon ion 
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source was ~40 eV but rough and graphitic films were produced when the ion energy was 
reduced to <30 eV.
12,15,16
 
 In the fabrication of DLC, PLD has been demonstrated as a versatile technique to 
grow DLC and films with sp
3
 volume fraction higher than 70% and microhardness 
comparable to natural diamond have been reported.
11,17,18
 In general, PLD produces 
depositing species with kinetic energy in the range of one to few hundred eV, which is at 
least an order of magnitude higher than thermal evaporation technique.
19–21
 The 
deposition mechanism of PLD can be separated into three regimes, namely 1) the ablation 
of target material owing to the interaction between target material and laser beam, 2) the 
interaction between ablated material with the incident laser which leads to isothermal 
plasma formation and expansion, and 3) anisotropic adiabatic expansion of the plasma 
leading to the formation of film on the substrate.
22 
During the initial interaction between 
laser and target, the material removal has been reported govern by the thermal properties 
of the target material.
22–24
 However, Svendsen et al. showed that the experimentally 
measured ablated rate of nickel was higher than silver, contrary to the prediction based on 
rigorous theoretical calculations using the thermal properties of these materials.
24 
Thus, 
the physical processes in PLD are highly complex, interrelated, and depend on the laser 
pulse parameter and target material. In addition, the physical model of nano-seconds laser 
ablation can often be complicated by the ionization of the nascent erosion cloud before 
the laser pulse is over, which can lead to increased temperature and ionization of plasma 
species.
25
 In order to account for the discrepancy between the calculated and 
experimental measured degree of ionization, a high plasma temperature (~10000–20000 
K) has been adopted.
23,15
 Nonetheless, PLD has been commonly used in growing DLC 
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and the final properties of the films are largely dependent on the laser fluence and the 
kinetic energies of the impinging carbon species.
26,27
 Using this technique, Koivusaari et 
al. showed that kinetic species of ~500 eV were produced in single carbon system and 
DLC films with ~77% sp
3
 bonding were obtained with fluence of ~45 Jcm
-2
. When the 
fluence was reduced to 20 Jcm
-2
, the kinetic energies of the carbon species was ~240 eV 




 While the kinetic energy of the species has 
been reported to be dependent on fluence, the plasma absorption coefficient is determined 
by the interaction between laser–target of the material system.22  
 Despite the extensive studies performed on plume dynamics, kinetic model, 
ablation mechanism of single carbon or metal systems and discrepancy in the reported 
optimal energy in forming ultrasmooth highly sp
3
 bonded DLC, limited study has been 
devoted to the presence of metal in addition to carbon ion during the formation of DLC 
nanocomposite. In this chapter, the role of metal in addition to carbon ions in affecting 
the ion energy, material properties and formation of DLC nanocomposite are investigated. 
By considering the substitution of carbon with copper in the target, this work shows that 
the presence of copper increased the average energy absorbed by the composite targets, 
affected the kinetic energies of ions, and subsequently the surface and microstructures 
properties which are crucial to DLC. In Section 3.2, the analytical model used to estimate 
the energy of the impinging species is presented. The simulation program, i.e. Transport 
of Ions In Matters (TRIM) used to study the effects of impingement from species with 
different energies, which arise due to the presence of dopants in addition to carbon ions, 
are presented in Section 3.3. In Section 3.4, the experimental works including the 
fabrication of DLC and copper nanostructured DLC using PLD are briefly described. The 
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results from TRIM simulations together with experimental results are detailed in Section 
3.5. In Section 3.6, the results are discussed based on analytical model, TRIM and 
experimental results. A summary is given in Section 3.7.  
 
 
3.2. Analytical model 
As the laser entering the deposition chamber will first interact with target, the 
density of atoms in contact with laser during laser–target interaction was first examined.  
The optical properties of the target material were considered in this case since 
experimental work from Svensden et al. suggested that the ablated rate can be influenced 
by the absorption of the laser fluence instead of the thermal properties of the materials.
24 
The energy absorbed by the atoms were estimated by taking the laser fluence over the 
density of neutrals, nn subjected to spot size A. By considering the atomic radius, r and 
the absorption depth, d of the material system, the density of neutrals in cm
-3
 can be 
estimated as,
22,23










      (3.1) 
The absorption depth, d can be estimated as a function of the laser wavelength , and 









      (3.2) 
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 After the interaction between laser and target, plasma will be formed and interact 
will the incoming laser. During the interaction of plasma and laser at high laser density, 
the absorption of laser by plasma occurs mainly by an inverse bremsstrahlung process, 






























8    (3.3) 
 
where Z, ni, T, h, k and   are the average ion charge, ion density and temperature of the 
plasma, Planck constant, Boltzmann constant and frequency of the laser light, 
respectively. The ion density in cm
-3
 can be estimated by using Saha’s equation which 




















   (3.4) 
 
where nn and Ui are the density of neutrals in cm
-3
 and the first ionization potential of the 
gas atoms in question in electron volts, respectively. The laser energy absorbed by 
electronic absorption, Q can be approximated by using the product of coefficient of 




IQ p      (3.5) 
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By taking r, k, and U of the target systems subjected to laser, the average energy 
absorbed per ion (E/Inn) and additional energy absorbed due to inversed bremsstrahlung 
 process can be estimated and used as the input energy in TRIM simulations.  
 
 
3.3. TRIM simulations 
 TRIM is a Monte Carlo computer program developed by J. P. Biersack over 10 
year period and this program evaluates atom-atom scattering based on analytical formula 
in order to reduce the computer time needed to calculate the interaction between moving 
particles/target. In this program, energy range from 10–2 GeV/amu can be calculated.29 
By feeding the input energy, the slowing down and scattering of moving particles in 
target can be examined and this program have been utilized to study ion implantation, 
radiation damage, sputtering, and the reflection and transmission of moving particles.
29
  
 As the formation of DLC involves the impingement of ions on the substrate, 
TRIM simulation-2008 version was used to study the distribution of the impinging ions 
during the formation of DLC and DLC nanocomposite. In this study, the moving species 
are the metal or carbon ions, which gained energy from laser source during PLD process, 
and the silicon substrate was perceived as the target. By considering the energy absorbed 
due to interaction with laser as estimated from the model above, the distribution of the 
moving ions in silicon and the energy converted from kinetic energy of the moving 
particles can be revealed.  
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3.4. Experimental procedures 
 DLC and Cu doped DLC films, with thickness ~90–100 nm were fabricated on Si 
(100) substrates using PLD system. Firstly, two Cu/C mixture targets with different 
copper contents at 5 and 15 at. %, and a pure carbon target were prepared. Pure elemental 
powders of graphite (99.5% purity, particle size <40 µm) and copper were mixed 
thoroughly by using a Y-mixer and then compacted under ~480 MPa to form 60 mm 
diameter and 20 mm thickness cylindrical targets. The base pressure, target–substrate 
distance, deposition duration and laser repetition rate was 4  10-4 Pa, 5 cm, 5 minutes 
and 20 Hz, respectively. In order to examine the energy dependency of surface evolution 
and microstructure changes, pulse laser energies at 100, 150 and 200 mJ were used in this 
experiment, and the corresponding laser fluence were 10, 15 and 20 Jcm
-2
, respectively.  
 
3.5. Results 
3.5.1. TRIM simulations results 
 By taking the wavelength of the laser, atomic radius and coefficient of extinction 




 respectively, the density of neutrals 









 reported by other researchers.
23,25
 At sufficient high energy density 
as in the current case, the neutrals were assumed fully ionized. Thus, using this simplified 
approach the average energy absorbed by each carbon ion at laser energy at 10 and 200 
mJ was approximately ~11.3 and ~226 eV, respectively, and these values are in close  
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Table 3.1. Theoretical estimated energy absorbed during pulsed laser deposition of DLC 
















Eq. (3.1)–(3.3)  
T= 3600K, Q (eV) 
Average additional 
energy absorbed 
per ion estimated 
using Eq. (3.1) –
( (3.3) T= 3600K, 
E/Ini (eV) 
DLC 0 200 225.63 2.18 × 10
2
 9.74 × 10
-9
 
Cu5/DLC 5 200 263.88 8.13 × 10
5
 5.93 × 10
-7
 





DLC 0 150 169.22 1.63 × 10
2
 7.30 × 10
-9
 
Cu5/DLC 5 150 197.91 6.10 × 10
5
 4.45 × 10
-7
 
Cu15/DLC 15 150 253.38 1.06 × 10
6
 6.79 × 10
-7
 





Cu5/DLC 5 100 131.86 4.06 × 10
5
 2.97 × 10
-7
 
Cu15/DLC 15 100 168.92 9.45 × 10
5





agreement with ~11.5 eV (10 mJ) and ~240 eV (200 mJ) measured by other researchers 
using time of flight (TOF).
27,32
 The calculated energy per ion, E/Inn for the different 
samples are summarized in Table 3.1 and Fig. 3.1.  It can be seen from Fig. 3.1 that the 
energy absorbed increased with the presence of copper and the energy absorbed increased 
with the increasing fluence and consistent for the both of the copper content (5 and 15 
at. %) under investigation. In addition, by taking the first ionization potential energy for 
carbon and copper as 11.26 and 7.73 eV,
30
 respectively, the energy absorbed by carbon 
and copper/carbon can be estimated from equations (3.3)–(3.5). For a pure carbon system  
































Metal content (at. %)
 
Fig. 3.1. Estimation on the energy absorbed by DLC, Cu 5 at. %/DLC and Cu 15 at. %/DLC 
deposited at different laser energy. 
 
 
with sublimation temperature ~3600 K under vacuum condition,
32,33
 the energy absorbed 
and possessed by carbon species is ~218 eV. Owing to a lower first ionization energy, the 
presence of copper is observed to increase the energy absorbed by the system. The 
energies absorbed calculated from equation (3.3)–(3.5), E/Ini are summarized in Table 3.1. 
It can be seen that with the presence of copper ions, the energy absorbed due to the laser-
plasma interaction increased by approximately two orders of magnitude when carbon 
were substitute by copper atoms. Given the first ionization energy of most the solid 
substances lie in the range 6–12 eV,30 the excess energy absorbed owing to the 
interaction between laser and plasma is sufficient to further ionize the material involved 
which can lead to the further heating and regeneration of plasma.
25
  
 When energy calculated was used to perform TRIM simulation, it can be seen 
from Fig. 3.2 that the heat dissipated increased with increasing copper content, and the 
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amount of heat dissipated was higher on the samples deposited using 200 than those of 
100 mJ. In addition, simulation results showed that as the energy per ion increased, the 



























Metal content (at. %)
 
Fig. 3.2. TRIM simulations on heat dissipated during the deposition of DLC, Cu 5 at. %/DLC and 
Cu 15 at. %/DLC at different laser energy. 
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Fig. 3.3. TRIM simulations on the distribution of atoms of DLC, and Cu 15 at. %/DLC at 
different laser energy. 
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Fig. 3.4. The distribution of carbon and silicon atoms of (a) DLC deposited at 100 mJ and (b) Cu 
15 at. %/DLC deposited at 200mJ. 
 
 
distribution of carbon and silicon atoms from TRIM was plotted as a function of depth of 
substrate, it can be seen from Fig. 3.4 that the impingement of ions had redistributed the 
silicon and carbon atoms, in which the recoils from silicon and carbon mixed at the 
interface between substrate and films; thus, forming an intermixed layer of SiC. The 
distribution of carbon and silicon for DLC deposited at 100 mJ and Cu 15 at. %/DLC 
deposited at 200 mJ are shown in Fig. 3. 4 (a) and (b), respectively, and the density of the 
mixed atoms are given in Table 3.2. 
 
3.5.2. Experimental results on microstructural and surface properties 
 Figure 3.5 (a) show the broad scan of Raman spectra of the samples. The sharp 
peaks at ~520 and 970 cm
-1
 corresponded to the first (520 cm
-1
) and second (970 cm
-2
) 
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per ion, E/Inn    
(eV) 
Density of mixed 





SiC detected from 
XPS 
(%) 
DLC 200 225.63 1.51 × 10
24
 1.76 
Cu5/DLC 200 263.88 1.97 × 10
24
 4.13 
Cu15/DLC 200 337.84 2.61 × 10
24
 8.17 
DLC 150 169.22 1.11 × 10
24
 1.09 
Cu5/DLC 150 197.91 1.38 × 10
24
 4.03 
Cu15/DLC 150 253.38 1.86 × 10
24
 7.83 
DLC 100 112.82 6.82 × 10
23
 0.82 
Cu5/DLC 100 131.86 7.63 × 10
23
 3.95 





orders of phonon excitation of silicon, which was used as substrate material in this 
experiment. When the signal were acquired from 1000 to 2000 cm
-1
, broad peaks 
centering around 1550 cm
-1
, as shown in Fig. 3.5 (b), were observed on DLC and DLC 
nanocomposite films and evidenced that the films are amorphous in nature.
6,34
 These 
broad peaks were deconvoluted into D and G peak, which are associated with the 
stretching of sp
2
 clusters and the in-plane C–C stretching mode of sp2 hybridized carbon 
atoms, respectively.
35,36
 The overlay of the deconvoluted Raman spectra of selected 
samples, i.e. DLC deposited at 100 and 200 mJ is shown in Fig. 3.6. The D and G peak  
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Fig. 3.5. Raman spectra of DLC, Cu 5 at. %/DLC and Cu 15 at. %/DLC deposited at different 
laser energy: (a) broad scan and (b) narrow scan. 
 



















DLC @ 200 mJ
DLC @ 100 mJ
 




positions, intensities, and estimated sp
3
 content all the samples are summarized in Table 
3.3, and Fig. 3.7 shows the energy dependency of ID/IG ratio for all the samples. The 
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ratios of D peak intensity (ID) to G peak intensity (IG) were used to estimate the sp
3 
content, in which a lower ID/IG value indicates a higher fraction of sp
3
 content that 
present in a DLC film.
34–39
 It can be seen from Fig.3.7 and Table 3.3 that the ID/IG ratio 
for DLC films increased from ~0.39 to ~0.52 as the laser energy was reduced from 200 to 
100 mJ. The presence of 5 and 15 at. % of copper in DLC deposited at 200 mJ increased 
the ID/IG ratio of DLC from 0.39 to 0.66 and 0.75, respectively. These indicated the sp
3
 
content in DLC films were influenced by the laser energy and the presence of metal ions. 
Based on the empirical relationship reported by other researchers,
34,35
 the estimated sp3 
from ID/IG ratios are tabulated in Table 3.3. 
 
Table 3.3. D and G peak positions, D and G peak intensities, ID/IG, sp
3
 content estimated by 


























DLC 100 1386.47 88.24 1568.50 169.93 0.52 59.69 47.05 
DLC 150 1391.36 84.31 1572.77 198.04 0.43 66.05 51.78 
DLC 200 1395.03 75.16 1575.83 191.18 0.39 68.26 58.44 
Cu5/DLC 100 1384.03 58.82 1566.06 83.33 0.71 47.00 39.78 
Cu5/DLC 150 1379.76 78.43 1566.67 113.73 0.69 48.10 41.77 
Cu5/DLC 200 1376.70 49.02 1561.17 74.51 0.66 50.26 41.81 
Cu15/DLC 100 1382.20 234.64 1562.39 307.84 0.76 43.17 31.10 
Cu15/DLC 150 1382.81 55.88 1560.56 74.51 0.75 44.00 31.67 
Cu15/DLC 200 1379.76 48.04 1552.62 65.69 0.73 45.27 33.27 
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 The C 1s spectra from XPS were examined in order to reveal the effects of copper 
and laser energy on the microstructural properties of DLC. The binding energies at 283.7, 
284.5, 285.2, 286.5, and 288.5 eV have been reported to associate with Si–C, graphite, 
diamond, C–O contaminated, and C=O bonds, respectively.40 The deconvoluted C 1s 
peaks for the films are as shown in Fig. 3.8 (a) to (d). It can be seen from Fig. 3.8 (a) and 
(c) the peaks’ areas at 285.2 eV which are corresponded to sp3 bonding in DLC deposited 
at 100 mJ is smaller compared to DLC deposited at 200 mJ, and the sp
3
 content for DLC 
deposited at 100 and 200 mJ is ~47 and ~58%, respectively. With the presence of 15 
at. % Cu, the sp
3
 bonding in DLC deposited at 100 mJ was reduced from ~47 to ~31% 
(Fig. 3.8 (a) and (b)). For the films deposited at higher energy of 200 mJ, the sp
3
 content 
of DLC decreased from ~58 to 33 % when 15 at. % of Cu were added into DLC (Fig. 3.8 
(c) and (d)). The sp
3
 content estimated by XPS is shown in Fig. 3.9 and summarized into  






















a) DLC @ 100 mJ

















b) Cu15 @ 100mJ
 


















c)DLC @ 200 mJ

















d)Cu 15@ 200 mJ
 
Fig. 3.8. Deconvoluted XPS spectra of (a) DLC deposited at 100 mJ, (b) Cu 15 at. %/DLC 
deposited at 100 mJ, (c) DLC deposited at 200 mJ and (d) Cu 15 at. %/DLC deposited at 200 mJ. 
 
 
Table 3.3 in order to compare with the results obtained from Raman spectroscopy. It can 
be seen from Table 3.3, the estimation on sp
3
 content by using XPS was found to 
correlate reasonably well with the estimation from Raman spectroscopy. In addition, Fig. 
3.8 (a) to (d) further showed that peaks at 283.7 eV which correspond to SiC,
41
 become 
more distinct in copper doped DLC films as compared to pure DLC, and the SiC content  
































 content of DLC, Cu 5 at. %/DLC and Cu 15 at. %/DLC deposited at different laser 
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Fig.3.10. SiC content of DLC, Cu 5 at. %/DLC and Cu 15 at. %/DLC deposited at different laser 
energy detected by XPS. 
 
of the samples is shown in Fig. 3.10. It is worth noting that when the energy absorbed 
was too low as in DLC deposited at 100 and 150 mJ, the amount of SiC present were 
limited; but more prominent for the samples deposited at 200 mJ. When the amount of 
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SiC detected from XPS is compared with the maximum atom mixed found in TRIM, it 
can be seen from Table 3.2 the results correlate well with each other.  
 The formation of copper nanoclusters can be revealed by employing TEM on the 
samples. Results showed that copper nanoclusters were formed and embedded in the 
amorphous carbon matrix for all the copper doped DLC samples. Figure 3.11 (a) to (d) 
shows the TEM scannings of Cu 5 at. %/DLC and Cu 15 at. %/DLC deposited at 100 mJ  
 
Cu 15 at. %/DLC 
200 mJ-400x
Cu 15 at. %/DLC @ 200mJ(b) Cu 15 at. %/DLC 100 mJ
(a) Cu 5 at. %/DLC @ 100 mJ
(c) Cu 5 at. %/DLC 200 mJ (d) Cu 15 at. %/DLC 200 mJ
 
Fig. 3.11. TEM scanning on (a) Cu5 at. %/DLC deposited at 100 mJ, (b) Cu 15 
at. %/DLC deposited at 100 mJ, (c) Cu 5 at. %/DLC deposited at 200 mJ and (d) Cu 15 
at. %/DLC deposited at 200 mJ. 
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(Fig. 3.11 (a) and (b)) and 200 mJ (Fig. 3.11 (c) and (d)), respectively. As confirmed by 
SAED, the nanoclusters are crystalline in nature and measurement on the lattice fringes 
showed that the inter plane distances are ~0.209 and ~0.181 nm, corresponds to (111) and 
(200) plane in copper, respectively.
42
 In addition, it can be seen from Fig. 3.11 (a) and (b) 
that the density of the copper nanoclusters was higher in Cu 15 at. %/DLC compared to 
Cu 5 at. %/DLC deposited at 100 mJ, and the observations were consistent when (200) 
plane in copper, respectively.
42
 In addition, it can be seen from Fig. 3.11 (a) and (b) that 
the density of the copper nanoclusters was higher in Cu 15 at. %/DLC compared to Cu 5 
at. %/DLC deposited at 100 mJ, and the observations were consistent when depositions 
were carried out at 200 mJ. In addition, as shown in Fig. 3.11 (a) vs. Fig. 3.11 (c) and Fig. 
3.11 (b) vs. Fig. 3.11 (d), respectively, by increasing the laser energy during deposition, 
the density of copper nancoclusters would be higher when the laser energy increased 
when comparison was made at the same doping concentration.   
 Figure 3.12 (a) and (b) showed the surface morphology for DLC and Cu 15 
at. %/DLC deposited at 100 mJ, respectively. The surface morphology of DLC and Cu 15 
at. %/DLC deposited at 200 mJ are shown in Fig. 3.12 (c) and (d), respectively. The RMS 
of the films as a function of copper composition deposited at different laser energy is 
shown in Fig. 3.13. It can be seen Fig. 3.13, the RMS of DLC was increased with the 
presence of copper. In addition, results showed that the RMS of DLC and Cu/DLC films 
decreased when the laser energy was increased from 100 to 200 mJ, when the comparison 
was made at the same doping concentration. 
 
 






































Fig. 3.12.  AFM scannings of a) DLC deposited at 100 mJ, b) Cu 15 at. %/DLC deposited at 100 
mJ, (c) DLC deposited at 200 mJ and (d) Cu 15 at. %/DLC deposited at 200 mJ. The scan size for 
all the images was1 m × 1 m. The z scale for (a) and (c) was 10 nm. The z scale for (b) and (d) 
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Fig. 3.13. The average surface roughness, RMS for DLC, Cu 5 at. %/DLC and Cu 15 at. %/DLC.  
 




 In a growth process, the deposition of energetic species advances in three main 
stages, i.e. 1) collision stage, in which the species impinging on the substrate are stopped, 
2) thermalization stage, in which the excess energy will be dissipated as heat and 3) long 
term relaxation stage, in which diffusion will occur and the final phase evolution is 
determined.
15
 With the energy absorbed from the interaction with laser, energetic ions 
will be delivered to the surface of the films and where upon the impingement, excess 
energy from the impinging ions can be transferred to the surface atoms through collision 
process. The excess energy can be released as heat, as shown by TRIM (Fig. 3.2), and 
depending on the depth of this energy was delivered to, heat may allow the diffusion of 
atoms in forming nanoislands.
15
 
 The role of metal ion on the surface evolution of DLC films can be revealed from 
a combined analysis of theoretical model, TRIM simulations and experimental results. By 
substituting copper atoms into carbon target, the presence of copper can increase the 
average laser energy absorbed by the neutrals, and subsequently the ions during the 
interaction between laser and target. In addition, owing to a lower first ionization energy 
of copper (7.73 eV) compared to carbon (11.26 eV),
30
 the substitution of carbon by 
copper atoms can increase the energy absorbed during the interaction between laser and 
ablated material through inverse bremsstrahlung process, as suggested by Saha’s equation. 
Thus, the energy absorbed and the energy per ion in copper–carbon system will be higher 
than single carbon system, and will increase with increasing copper content. As heat 
dissipated on DLC increased with increasing copper content, the diffusion process can be 
more effective and promote the formation of nanoclusters, as evidenced by the  






































Fig. 3.14. The average surface roughness, RMS of DLC, Cu 5 at. %/DLC and Cu 15 at. %/DLC 
deposited at different laser energy as a function of energy per ion. 
deposited at different laser energy. 
 
increased density of nanoclusters observed in TEM images of Cu 15 at. %/DLC 
compared to Cu 5 at. %/DLC (Fig. 3.11). The formation of nanoclusters thus may 
promote the surface evolution of film, and manifest as an increased in surface roughness 
when increased heat was dissipated with increasing copper content, as shown in TRIM 
(Fig. 3.2 and 3.13). In addition, the changes in RMS and surface evolution of the samples 
deposited at different laser energies can be understood by considering the energy per ion 
of samples with same copper concentration such as Cu 15 at. %/DLC, as shown in Fig. 
3.14 (Red arrow). The dotted line serves as guidance to eyes. Experimental data showed 
that the RMS of Cu 15 at. %/DLC was reduced when higher laser energy was used in the 
depositions, though TEM showed that the cluster’s density of Cu 15 at. %/DLC deposited 
at 200 mJ was higher than Cu 15 at. %/DLC deposited at 100 mJ.  By increasing the laser 
energy, the energy per ion will be increased and TRIM showed that the impinging ions 
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penetrated deeper into the substrate (Fig. 3.3). Thus, the heat dissipated and the formation 
of nanoclusters will be beneath the surface of films. As heat dissipation on the surface has 
been reported to enhance surface diffusion and formation of nanoislands,
15
 the higher 
RMS of Cu 15 at. %/DLC films deposited at 100 compared to 200 mJ is explained and 
the same reasoning is applicable to DLC and Cu 5 at. %/DLC deposited at different laser 
energies. 
 The formation of DLC has been reported due to subplantation of carbon, in which 
the impinging carbon ions implanted to subsurface layer and create a dense but stressed 
DLC.
12,44 
Experimental results (Fig. 3.7 and 3.9) showed that DLC fabricated using 200 
mJ in this study had the highest sp
3
 content and smoothest surface (Fig. 3.15), and thus 
the optimal energy in forming diamond-like film with smooth surface is ~226 eV (sp
3 
~60%, RMS = 0.155). This is close to the values reported by other researchers using 
PLD.
32
 However, the optimal energy in forming ultrasmooth DLC using MSIBD was ~40 
eV
15
 and graphilitic films with rough surface was produced using energy below 30 
eV.
12,43
 By considering the heat dissipated from TRIM, displacement energy of graphite 
and energy released as photon as ~143, ~37,
47
 and ~2 eV,
23
 respectively, the energy 
consumed, probably in formation of sp
3
 bonded and smooth DLC is ~44 eV for DLC 
deposited at 200 mJ. Using the same considerations, the energy consumed in the 
formation of graphitic and rough DLC (sp
3
 ~47%, RMS = 0.306) deposited at 100 mJ is 
~4 eV. Thus, by considering the heat dissipated and other form of energy loss, the 
discrepancy between optimal energy ranges in forming ultra-smooth DLC films is 
explainable. In addition, as the formation of sp
3
 is associated with the subsurface 
densification from energetic carbon ions (>30 eV), the higher ion energy in DLC   








































Fig. 3.16. The sp
3
 content estimated from XPS, RMS of DLC, Cu 5 at. %/DLC and Cu 15 
at. %/DLC deposited at different laser energy as a function of energy per ion. 
 
 
deposited at 200 compared to 100 mJ explained the higher sp
3
 content observed in the 
former shown in Fig. 3.7, 3.9 and 3.16. 
 On the other hand, graphitization can be induced by means of heat, such as 
friction induced annealing
45
 and thermalization during deposition process.
7
 During the 
growth process, energetic ions were delivered to the surface of substrate and upon 
impingement the excess heat can be released as heat, as shown in TRIM simulation. With 
the presence of copper during deposition, the ion energy and the amount heat dissipated 
increased with increasing copper content (Fig. 3.1, 3.2 and 3.16). Thus, the graphitization 
process can be more prominent, which manifested as reduction in sp
3
 content when 5 and 
15 at. % copper was doped into DLC (Fig. 3.16). Comparing the amount of heat 
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dissipated in Cu 15 at. %/DLC deposited at 100 and 200 mJ (Fig.3.2), one may question 
the reason behind the higher sp
3
 content observed in Cu 15 at. %/DLC deposited at 200 
 



































Fig. 3.17. The SiC content estimated from XPS, RMS of DLC, Cu 5 at. %/DLC and Cu 15 
at. %/DLC deposited at different laser energy as a function of energy per ion. 
 
 
compared to 100 mJ while the amount of heat dissipated in the former is higher than the 
latter. In this case, we consider that the densification of carbon, which translated as a 
higher sp
3
 bonding (~60%) can be formed using 200 compared to 100 mJ (~47%). Thus, 
further reduction of initially low sp
3
 content in DLC films deposited at 100 mJ with the 
presence of 15 at. % copper could be more prominent that those fabricated at 200 mJ.  
 The formation of SiC bonding in this study can be elucidated by considering the 
ion energies absorbed during the deposition process. Owing to the lower first ionization 
potential energy, the energy absorbed by copper ions is higher than those of carbon ions. 
As energetic copper ions impinge on the surface of the carbon films, the ions can 
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rearrange the distribution of the carbon and silicon atoms through a collision process, and 
may force the carbon to react with silicon, forming SiC intermixing layer. As the energy 
absorbed by system increased with the increasing copper content, the collision process 
was enhanced and a thicker intermixing layer could be formed, as indicated by TRIM 
simulations and evidenced by experimental data (Table 3.2) and Fig. 3.17. Thus the 
formation of SiC could be estimated from the energy per ion based on the model explored. 
  
3.7. Summary 
 A model based on interaction of laser and composite system was established. The 
substitution of copper into carbon target in the formation of DLC nanocomposite was 
found to increase the energy absorbed during pulse laser deposition and calculated energy 
per ion in this study is in good agreement with the optimal energy in forming ultrasmooth 
DLC. The changes in surface and microstructure properties which are crucial in 
determining the final properties of DLC can be estimated using energy per ion calculated 
based the model. By considering the role of dopants in increasing the energy absorbed 
during laser deposition process, the growth mechanism and resulted properties of DLC 
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Material properties of DLC doped with different metal and 
metal oxide dopants 
  
 This chapter investigates the material properties of DLC doped with different 
dopants, such as erbium (Er), erbium oxide (Er2O3), zinc oxide (ZnO) and copper (Cu). In 
Section 4.1, the effect of heavy rare earth erbium and erbium oxide on DLC and the 
material properties of the resulted nanocomposite films will be studied. By using Zn/C 
and ZnO/C targets, the material properties of ZnO/DLC films are investigated in Section 
4.2.  In Section 4.3, the material properties of Cu/DLC films and the potential application 
of Cu/DLC coated nanocones will be presented. At the end of this chapter, the findings 
on DLC doped with different dopants are summarized.  
  
4.1. Heavy rare earth metal and metal oxide doped DLC with 
improved adhesion property 
4.1.1. Introduction 
 Erbium (Er), with an atomic number of 68 and atomic mass of 167.26 amu is the 
11
th
 element in lanthanide series 
58
Ce–71Lu.1 It was first discovered in Ytterby, Sweden in 
1842 and has received increasing attention after erbium luminescence in silicon was 





 Pure erbium is a soft metal and relative more stable in air as 
compared to other rare earth elements.
1
 When it is doped into a dielectric matrix, erbium 
takes its +3 state and is capable of emitting photons at 1.54 µm, which matches the 
maximum transmission in silica optical fibers.
1,2 
This renders erbium as a promising 
material in telecommunications technology and for near infra red (NIR) sensing 
application.
3,4
 On the other hand, erbium oxide (Er2O3, molecular weight = 382.52 gmol
-1
) 
is characterized by good chemical and thermal stability, high dielectric constant, high 
bulk refractive index, and wide band gap.
5,6
 Erbium oxide has potential applications as 
up-conversion layer in optoelectronic devices, high dielectric constant gate insulators, 
insulating superconducting junctions, and as protection against chemical corrosions.
5,6
 
Due to their vast applications, both erbium and erbium oxide are gaining technological 
importance and could be alternatives for modifying the material properties of DLC. By 
incorporating erbium into DLC, researchers have shown that NIR photoluminescence 
characteristics of erbium can be imparted to DLC,
7,8
 and thus widening the application of 
DLC into telecommunications or as biocompatible coating with NIR sensing capability. 
The detailed studies of photoluminescence properties on erbium doped DLC which 
explored the possibility to widen the applications DLC were reported elsewhere.
7,8 
Despite the investigations performed on the optical properties of erbium doped DLC, 
erbium as a heavy and ductile non-carbide formed metal is a potential candidate to 
improve the adhesion strength of DLC through the reduction of internal stress
9,10
 and the 
formation of Si and C intermixing layer.
11,12
 Likewise, with the mass approximately 2.3 
times heavier than erbium, erbium oxide could be another promising candidate to 
improve the adhesion strength of DLC at low concentration. However, up to date, no 
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fabrication of Er2O3/DLC has been reported and the findings on the tribological and 
adhesion properties, which play an immense role in determining the reliability of the 
components of Er/DLC or Er2O3/DLC films, are yet available. Thus, in this chapter, the 
microstructure, surface, mechanical and tribological properties, and lesser known effects 
of heavy erbium and erbium oxide on DLC were investigated.  
 
4.1.2. Experimental procedures 
 Erbium and erbium oxide doped DLC nanocomposite films with 80–100 nm 
thickness, were deposited using the Lambda Physik 248 nm PLD system. Four Er/C 
mixture targets with different erbium contents at 0.5, 1.0, 1.5 and 2.0 at. % and a pure 
carbon target were prepared according to the method described in Section 3.4. In the 
preparation of Er2O3 0.5 at. %/C, erbium oxide instead of erbium powder was used. 
During deposition, the deposition chamber was evacuated to a base pressure below 4  
10
-4
 Pa and the laser energy used was stabilized at 200 mJ before deposition. The 
deposition time for the films was maintained constant around 5 minutes.  
 
4.1.3. Results  
4.1.3.1. Microstructural and mechanical properties 
 The broad scan Raman spectra for DLC doped with erbium oxide and different 
fraction of erbium are shown in Fig. 4.1. The sharp peaks around 520 and 970 cm
-1
  






























 0.5 at. %/DLC
Er 1.0 at. %/DLC
Er 1.5 at. %/DLC










corresponded to the first and second order of phonon scattering of silicon substrate, 
respectively.
13
 A more careful study on the spectra in Fig. 4.1 showed that no other 
obvious peaks occurred in the range of 760–796 cm-1. This indicates that the signal due to 
transverse optic (TO) modes from 3C-SiC, polytype SiC such as 4H–SiC or 6H–SiC and 
amorphous SiC
13
 are insignificant. However, as the peak position for longitudinal optic 
mode (LO) for 3C–SiC is around 973 cm-1, it is possible that the broadening of the LO 
peaks were merged with the signal from silicon and thus unnoticeable in the Raman 
spectra. When the scan range was narrowed to 1000–2000 cm-1, broad peaks centered at 
~1550 cm
-1
 were observed on all the samples, as shown in Fig. 4.2. This evidences that 
the films are amorphous in nature and the broad peaks can be deconvoluted into two 
Gaussian Peaks.
14
 Fig. 4.3 shows the deconvoluted Raman spectra for DLC, Er 0.5 
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at. %/DLC, Er2O3 0.5 at. %/DLC and Er 2.0 at. %/DLC film. The D and G peak positions, 
and intensities of D peak and G peak, ID/IG ratios and estimated sp
3
 contents are given in 
Table 4.1. ID/IG value has been reported to correlate with sp
3
 content, in which a lower  

































Fig. 4.2. Narrow scan Raman spectra of DLC, Er/DLC and Er2O3/DLC films. 
 
 

























 0.5 at. %/DLC
Er 2.0 at. %/DLC
 
Fig. 4.3. Deconvoluted Raman spectra on DLC, Er 0.5 at. %/DLC, Er2O3 0.5 at. %/DLC and Er 
2.0 at. %/DLC. 
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ID/IG ratio corresponds to a higher composition of sp
3
 present in the film.
14,15,16
 In this 
case, the ID/IG ratio was found to increase from 0.38 to 0.65 when erbium content was 
increased from 0 (or pure DLC) to 2.0 at. %.  This indicates a decrease in sp
3
 content 
with the presence of erbium in DLC films. Based on an empirical equation relationship 




 content in pure DLC was reduced from ~69 to 
50–55% when 1–2 at. % or erbium was doped into DLC. In addition, it can be seen from 
Table 4.1 that the presence of 0.5 at. % of erbium and 0.5 at. % of erbium oxide increased 
the ID/IG ratio of pure DLC from 0.38 to 0.55 and 0.56, which corresponded to ~57.5 and 
~56.7% of sp
3
, respectively. However, in general, the presence of erbium and erbium 
oxide showed similar influence in reducing the sp
3
 content in DLC films. 
 
 
Table 4.1.  D and G peaks positions, amplitude, ID/IG ratio, and the estimated sp
3
 content for DLC 

























DLC 1388.67 1573.75 73.71 194.33 0.38 69.21 
Er 0.5/DLC 1386.41 1569.24 90.79 164.47 0.55 57.46 
Er2O3 
0.5/DLC 
1393.52 1562.17 82.00 145.39 0.56 56.65 
Er 1.0/DLC 1387.71 1566.65 93.16 159.47 0.58 55.28 
Er1 .5/DLC 1386.41 1565.35 47.89 80.53 0.59 54.56 
Er 2.0/DLC 1387.71 1562.76 113.95 174.74 0.65 50.66 
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 When XPS survey scans were performed on the samples, the survey scans showed 
only the presence of C, O, Si and Er, and there were no other elements were observed in 
the spectra. Thus, proving no other contaminations could be detected at <0.1 at. %. In 
order to confirm the presence of erbium in DLC, region scans at Er 4d level were 
performed on DLC, Er/DLC and Er2O3/DLC samples. As shown in Fig. 4.4, peaks are 
observed at binding energy ~169.2 and ~168.4 eV, and these peaks were corresponded to 
Er and Er2O3, respectively.
17,18
 Thus, this confirms the presence of erbium and erbium 
oxide in DLC.  
 The effects of erbium on DLC matrix can be revealed by examining the C 1s 
spectra of the samples. As shown in Fig. 4.5, the C 1s peaks were shifted from 285.2 (sp
3
) 




 as the composition of erbium was increased from 0.5 to 2.0 at. %. 
When the C 1s peaks of the films were deconvoluted into 5 Gaussian Peaks, the sp
3
 
content of the films were found to decrease from ~62 to ~46%, as increasing at. % of 
erbium was doped into DLC. In addition, deconvolutions on the C 1s spectra of Er 0.5 
at. %/DLC and Er2O3 0.5 at. %/DLC also revealed the presence of erbium and erbium 
oxide has similar effects in reducing the peak areas at 285.2 eV. Based on the peak areas, 
the sp
3
 content of DLC was estimated to decrease from ~61 to ~52 and ~50% when 0.5 
at. % Er and Er2O3 was doped into DLC, respectively. When the sp
3
 content estimated by 
XPS were overlaid on the sp
3
 content estimated by Raman spectroscopy, it could be seen 
from Fig. 4.6 that the estimation on sp
3
 content using XPS correlates reasonably well 
with the estimation from Raman spectroscopy. A more careful study on Fig. 4.5 further 
showed that peaks at 283.7 eV which corresponded to SiC,
19
 became more distinct on 
erbium doped DLC films as compared to pure DLC. In addition, Fig. 4.5 also shows that 

































 Fig. 4.4.  XPS spectra for DLC, Er/DLC and  Er2O3/DLC films at Er 4d. 
 
 
























 0.5 at. %/DLC
Er2.0 at. %/DLC
 
Fig. 4.5. Deconvoluted XPS spectra for DLC, Er 0.5 at. %/DLC , Er2O3 0.5 at. %/DLC and Er 2.0 
at.%/DLC. 






































Fig. 4.6.  Estimation of sp
3
 content using Raman spectroscopy and XPS. 
 
 
the peaks at 283.7 eV are more distinct for erbium oxide doped DLC compared to erbium 
doped DLC. The SiC content of the samples is shown in Fig. 4.7 and Fig. 4.8. The SiC 
content was found to increase from 3.3% at erbium’s concentration of 0 at. %, to a 
maximum value of 9.8% at erbium 1.5 at. % and slightly decreased to 9.0% when erbium 
concentration further increased to 2.0 at. %. On the other hand, the SiC contents in 
erbium oxide and erbium-doped DLC films are ~6.3 and ~5.4%, respectively (Fig. 4.8). 
Figure 4.7 and 4.8 further depicted the critical load of erbium and erbium oxide doped 
DLC films. From pure DLC, the adhesion strength of the film improved from 1.71 N to a 
maximum of 2.46 N at Er 1.5 at. %, and decreased to 1.72 N at Er 2.0 at. % (Fig. 4.7). 
The adhesion strength of the samples can be directly correlated with the content of SiC 
that was present in the films. Although both erbium and erbium oxide showed similar 
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influence in improving the critical load of DLC, experimental results showed that erbium 
oxide is more effective in improving the critical load of DLC. 
 



































Fig. 4.7. Percentage of SiC and critical load of DLC doped with different fraction of erbium. 
 
 




































Fig. 4.8. Percentage of SiC and critical load) of  DLC doped with erbium and erbium oxide. 
 















Fig. 4.9. TEM image of (a) Er 0.5 mol %/DLC and (b) Er2O3 0.5 mol %/DLC. 
 
 Fig. 4.9 (a) and (b) are the TEM images of Er 0.5 at. %/DLC and Er2O3 
at. %/DLC, respectively. The interplanar distances (dhkl) observed in erbium-doped and 
erbium oxide-doped samples are ~0.307 and ~0.260 nm, respectively. When the 
interplane distances were compared to the XRD database, these values were found to 
correspond to the erbium (100) and erbium oxide (200) planes, respectively.
20,21
 While 
retaining their respective oxidation states, both erbium metal and erbium oxide formed 
nanoclusters (~10  nm), which were embedded in the amorphous carbon matrix. 
 
4.1.3.2. Surface and tribological properties 
 The surface properties of DLC, erbium and erbium oxide doped DLC samples are 
shown in Fig. 4.10. The average surface roughness (RMS) of the films as a function of  












Fig. 4.10.  AFM scanning (scan size: 1 µm ×1 µm, z– data scale: 10 nm) on DLC doped with 
different fraction of erbium or erbium oxide; (a) DLC (b) Er 0.5 at. %/DLC (c) Er 1.0 
at. %/DLC (d) Er 1.5 at. %/DLC,  (e) Er 2.0 at. %/DLC and (f) Er2O3 0.5 at. %/DLC. 
 
 
dopant concentration are given in Table 4.2. It can be seen from Fig. 4.10 and Table 4.2, 
the RMS of DLC increased from 0.19 to 0.32 nm when erbium concentration increased 
from 0 to 2.0 at. %. On the other hand, results showed that the RMS of Er2O3 0.5 
at. %/DLC was slightly higher than Er 0.5 at. %/DLC, and the RMS of Er 0.5 at. %/DLC  
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Table 4.2. Surface roughness (RMS) and coefficient of friction (COF) for erbium and 
erbium oxide doped DLC. 
 
Sample 






DLC 0.0 - 0.19 ± 0.01 0.100 
Er 0.5/DLC 0.5 Er 0.15 ± 0.01 0.106 
Er2O30.5/DLC 0.5 Er2O3 0.18 ± 0.01 0.100 
Er 1.0/DLC 1.0 Er 0.18 ± 0.01 0.116 
Er 1.5/DLC 1.5 Er 0.25 ± 0.01 0.112 
Er 2.0/DLC 2.0 Er 0.32 ± 0.02 0.120 
 
 

























Progressive normal load (N)
 DLC
 Er 2.0 at. %/DLC
DLC
Er 2.0 at. %/DLC
 
Fig. 4.11. Tangential load versus progressive normal load for DLC (triangular) and Er 2.0 
at. %/DLC (circle). The COF of the material can be estimated from the slope of the curve. 
 
and Er2O3 0.5 at. %/DLC are 0.15 and 0.18, respectively. The coefficient of friction (COF) 
of the films can be revealed by plotting a tangential load versus progressive normal load 
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after scratch test was done on the samples. As shown in Fig. 4.11, the slope of Er 2.0 
at. %/DLC was slightly stepper than DLC, and the COF obtained for these two samples 
are 0.10 and 0.12, respectively. The COFs for all the samples investigated are tabulated in 
Table 4.2. From the table, the changes on COF with the presence of erbium are 
insignificant and generally the COF for erbium and erbium oxide doped films are similar 
to high sp
3
 content DLC films, at a low value of 0.1. 
 
 
4.1.4. Discussion  
 Experimental data had shown that DLC with improved adhesion strength but 
increased surface roughness can be obtained through the incorporation of low 
concentration of erbium dopant. The roughening of DLC films can be attributed by two  
factors: 1) the collision-enhanced diffusion process which lead to the formation of nano-
islands during deposition, and 2) the clustering of erbium, which has radius 2.4 times 
larger carbon. During the deposition process, energetic ions were delivered to the surface 
and where upon impingement, momentum and excess energy from impinging ions can be 
transferred to the surface atoms through collision process.
22 
As the collision process and 




 s ), these surface atoms have 
sufficient time to diffuse and form nanoislands during the growth process,
23
 before the 
next pulse of ions which will be delivered in 50 ms at a laser repetition rate at 20 Hz. By 
considering the model of interaction between laser and composite system explored in 
Chapter 3, the presence of erbium with lower first ionization energy, i.e. 6.11 eV
24
 can 
increase the energy absorbed during laser deposition. Thus, the energy content in Er/DLC 
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will be higher than single carbon system. As the erbium content increased in the DLC, 
the overall energy dissipated is higher and could lead to a more obvious diffusion and 
roughening process as observed in experiments. In addition, as the composition of erbium 
delivered to the films increased, the clustering of erbium which has a significant larger 
atomic radius than carbon could have increased the surface roughness of the DLC films.  
 The effect of erbium on the microstructures property of DLC matrix is determined 
by correlating Raman and XPS spectra. The gradual increase in the ID/IG ratio from 
Raman spectra, as well as the composition analysis from XPS confirmed a reduction in 
the sp
3
 contents with the increasing erbium contents. The reduction of the sp
3
 content can 
be a consequence from graphitization, in which the sp
2
 clusters increased in the films, as 
evidenced from a more obvious D peak from Raman spectra.
25
 These findings are also 
consistent with the findings from XPS, in which the C 1s main peaks gradually shifted 
from 285.2 (sp
3
) to 284.5 eV (sp
2
) and showed that graphite characteristics become more 
obvious when the erbium fraction gradually increased in the films.   
 The effect of erbium on the microstructure can be understand from subplantation 
model, which is applicable to hyperthermal species with energy around 1–103 eV as in 
current case.
26,27 
The penetration of energetic species into subsurface layers is depending 
on the mass and the energy possessed by the species.
26
 As erbium species is capable of 
absorbing more energy in comparison to carbon species and TRIM calculation from other 
researchers shown that about 75–90% of the energy will be dissipated as phonon and 
electron excitation,
26
 excess energy can be released and graphitized the films upon the 
impingement of these energetic species on the films during deposition. As the erbium 
content increased in the DLC, the overall energy dissipated is higher and could lead to a 
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more obvious graphitization process as revealed by the more obvious D peak for Er 2.0 
at. %/DLC in Raman spectroscopy. In addition, during the deposition process, the 
impingement of the highly energetic erbium ions could have broken the carbon sp
3 
bondings and led to a reduction in the of sp
3
 content with the increasing of erbium 
content in the DLC films.  
 Although the reduction of sp
3
 was correlated to the increasing atomic percent of 
erbium dopants in DLC, the presence of erbium may not imply degradation in mechanical 
property of DLC. In fact, composition analysis on XPS spectra showed that the content of 
SiC content and the adhesion strength of the films, increased with increasing erbium in 
the films. This result can be explained by considering the model explored in Chapter 3, in 
which the impingement of energetic ions in Er/C nanocomposite system can be more 
effective than single carbon system in redistributing the carbon and silicon atoms to form 
Si-C intermixing layer. On the other hand, since material flux with the similar 
composition as Er2O3/C can be obtained through stoichiometry growth using PLD 
technique, the ion density in Er2O3/C is higher than Er/C system due to the presence of 
additional erbium ions. As the higher number of energetic ions impinging in Er2O3/C as 
compared to Er/C system, the intermixing between Si and C may be more prominent and 
manifested as a higher content of SiC, as revealed by XPS. Since the formation of SiC 
has been reported to improve the adhesion strength of film to substrate, the higher better 
adhesion strength observed in Er2O3 0.5 at. %/DLC compared to Er0.5 at. %/DLC and 
DLC is explained.  
 On the other hand, the G peak position in Raman spectroscopy has been related to 
internal stress by several researchers, whereby a shift of G peak position to a longer 
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wavenumber can imply an increase in compressive stress in the films.
28,29,30
 The change 
in residual stress   can be estimated in terms of Shear Modulus of the film, G, Poisson 
ratio of the film,   the changes of Raman wavenumber with respect to reference 
state,   and the Raman wavenumber for reference state, o
10,28
: 
















      (4.1) 
 A more careful study on the G peak position from Raman spectra in this work 
showed that the presence of erbium has reduced the internal stress of the films, in which 
the wavenumber for G peaks has decreased from ~1574 (DLC) to ~1563 cm
-1
 (Er 2.0 
at. %). By taking 300 GPa for DLC as the reference state,
28
 the residual stress in films 
were reduced by ~2 GPa when 2 at. % of erbium is doped into DLC. This indicated the 
present of erbium may act as a stress release layer at the interface between substrate and 
films, which may have indirectly improved the adhesion strength of the films on top of 
the formation of silicon carbide bonding.  
 
4.1.5. Summary 
DLC nanocomposite films with reduced internal stress and improved adhesion 
strength were obtained by incorporating erbium and erbium oxide at low doping 
concentration. The adhesion strengths of Er 0.5 at. %/DLC and Er2O3 0.5 at. %/DLC 
were 1.89 N and 2.19 N, respectively. These are comparable or better than other material 
system, such as Zn 5 at. %/DLC (adhesion strength ~1.90 N), which consists of 10 
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higher in doping concentration in order to achieve the same performance. In addition, it is 
worth noting that the changes in microstructures and surface properties of the DLC 
composite films correlate with the growth mechanism as proposed by the model explored 
in Chapter 3.  
 
4.2  Zinc oxide doped DLC with enhanced mechanical and ultraviolet 
photoluminescence properties 
4.2.1. Introduction   
 Zinc oxide (ZnO) is a II–VI semiconductor which has been subjected to renewed 
research interest after p-type conduction and ferromagnetism characteristics in ZnO 
doped with transition metals, and the availability of high quality substrate was reported.
30
 







high energy radiation stability, amenability to wet-chemical etching,
30
 and 
its piezoelectricity nature with large piezoelectric coupling constant,
32,33
 ZnO can be 
found in a wide range of important optoelectronic applications, such as blue and UV 
range light-emitting diodes (LEDs),
33
 UV photodetectors, surface acoustic waves 
(SAWs),
34
 surface elastic filters, and bio- and chemical sensors.
35
 In many of these 
applications, nanosized ZnO particles are often highly desirable as it is believed that 
surface and quantum confinement effects at play may introduce novel electrical, 
mechanical, chemical and optical properties.
36
 For example, using activated-carbon (AC), 
Mridha et al. showed that higher photosensitivity and a faster growth/decay photocurrent 
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was found in AC-assisted growth ZnO nanoparticles with increased surface area 
compared to those synthesis without AC.
37
 By varying laser time to alter the mean size of 
ZnO nanoparticles, Kurkeja et al. showed that size dependent characteristic was observed 
on the bandgap of ZnO nanoparticles.
38
  
 Although ZnO possesses many interesting characteristics, its Young’s modulus is 
considerably low (110 GPa).
30
 Thus, it is desirable to improve the mechanical robustness 
of ZnO in order to fully realize its potential in actual applications. One method of 
achieving this is by embedding the soft ZnO nanoparticles in a mechanically robust, and 
transparent protective coating such as DLC. Using Zn/C targets in oxygen background 
and FCVA technique, Hsieh et al. demonstrated that the Young’s modulus of ZnO 
containing DLC was improved to 220 GPa while exhibiting photoluminescence peaks at 
377 nm.
39 
On the other hand, ZnO can also be grown using a metal oxide target, i.e. ZnO 
target with PLD technique.
34,39,40
 Although numerous studies have been performed to 
grow ZnO, up to date, no work has been reported on the fabrication of ZnO/DLC 
composite system using PLD technique. By using Zn/C and ZnO/C targets with PLD, this 
section reports on the material properties and growth mechanism of ZnO/DLC. Through 
the formation of ZnO/DLC composite system, the presence of ZnO in DLC is expected to 
gain mechanical protection from DLC while imparting photoluminescence to optically 
transparent carbon matrix. 
 
4.2.2. Experimental procedures 
 Zinc oxide/DLC (ZnO/DLC) nanocomposite films of 90–100 nm thickness were  
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deposited using PLD system. Zn/C and ZnO/C, each containing 5 and 10 mol % of Zn or 
ZnO dopants, were prepared separately according to the procedures described in Section 
3.4. In the preparation of Zn/C targets, high purity carbon powder (99.5% purity, particle 
size <44 µm) and zinc powder (purity >95%, particle size <20 µm) were used. In the case 
of ZnO/C targets, high purity zinc oxide powder (purity >99.5%, particle size <44 µm) 
was used instead of zinc powder. For ease of reference, ZnO/DLC films deposited using 
Zn 5 mol %/C and Zn 10 mol %/C targets are referred as Zn 5 mol %/DLC and Zn 10 
mol %/DLC, respectively. Similarly, ZnO/DLC films deposited using ZnO 5 mol %/C 
and ZnO 10 mol %/C targets are referred as ZnO 5 mol %/DLC and ZnO 10 mol %/DLC, 
respectively.  The sample details are given in Table 4.3.The base pressure, oxygen flow 
rate, laser energy, distance between target–substrate and repetition rate was fixed to 4 × 
10
-4






, 300 mJ, 4 cm and 20 Hz, respectively.  
 
Table 4.3.  Types of target, chemicals, chemical concentrations and naming used for different 
samples. All samples were deposited under oxygen background. 
 






(mol %) Sample 
Zn 5 mol %/C Zn 5 Zn 5 mol %/DLC 
Zn 10 mol %/C Zn 10 Zn 10 mol %/DLC 
ZnO 5 mol %/C ZnO 5 ZnO 5 mol %/DLC 
ZnO 10 mol %/C ZnO 10 ZnO 10 mol %/DLC 
 
 




4.2.3.1. Microstructural, interfacial and mechanical properties 
 Figure 4.12 (a) to (d) show the TEM scannings on the ZnO/DLC films formed by 
different type of targets. From Fig. 4.12, it can be seen that nanocrystalline particles 
formed and embedded as nanoclusters within an amorphous matrix. Using SAED, The 
acquired diffraction patterns showed that the nanocrystalline particles corresponded to 
(002) and (101) planes for ZnO,
41
 thus, confirming that ZnO nanoclusters were formed 
using two different types of target. 
  
  
Fig. 4.12. TEM image on ZnO/DLC film deposited by (a) Zn 5 mol %/C target and (b) Zn 10 
mol %/C target, (c) ZnO 5 mol %/C target and (d) ZnO 10 mol %/C target under oxygen 
background. 





















Zn 5 mol %/C
Zn  10 mol %/C
ZnO 5 mol %/C
ZnO 10 mol %/C
 
Fig. 4.13. Overlay of XPS survey scan on ZnO/DLC nanocomposite films deposited by different 





 XPS survey scan spectra for ZnO/DLC nanocomposite films prepared by different 
types and compositions of target materials are shown in Fig. 4.13. As only carbon, 
oxygen, silicon and zinc were observed on the spectra and silicon was used as substrate 
material, there were negligible contaminants (<0.1 at %) present in the samples. Since 
TEM samples were deposited on TEM grids and no other element was present except 
carbon and oxygen, the amorphous region revealed in TEM for all the ZnO/C films 
corresponded to amorphous carbon. 
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 The chemical binding states for oxygen can be examined by deconvoluting the O 
1s peaks into 3 Gaussian peaks,
42
 as shown in Fig. 4.14 (a) to (d). The peaks around 
530.33 ± 0.12 eV are related to O
2-
 ions that are present in ZnO and the intensity at this 
binding energy is related to the amount of oxygen atoms in the wurtzite structure of 
hexagonal Zn
2+
 ions array. The peaks around 531.81 ± 0.08 eV can be attributed to the  

















(a) Zn 5 mol% /DLC

















(b) Zn 10 mol %/DLC
 

















(c) ZnO 5 mol %/DLC

















(d) ZnO 10 mol %/DLC 
 
Fig. 4.14.  Deconvoluted O 1s peak on ZnO/DLC films prepared by (a) Zn 5 mol %/C, (b) Zn 10 
mol %/C, (c) ZnO 5 mol %/C and (d) ZnO 10 mol %/C. 
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Table  4.4. Composition of chemical binding states at O 1s peaks for ZnO/DLC films prepared by 
different types of target. 
 





Zn 5 mol %/C Zn 5 mol %/DLC 24.20 44.50 
Zn 10 mol %/C Zn 10 mol %/DLC 31.09 41.99 
ZnO 5 mol %/C ZnO 5 mol %/DLC 47.31 33.60 





 ions in oxygen–deficient regions within the matrix of ZnO and are related to the 
variation in oxygen vacancies on the surface of the ZnO nanoparticles. The peaks at the 
higher binding energy around 532.84 ± 0.06 eV can be associated with chemisorbed 
oxygen such as H2O and –CO3.
43, 44–46 
The compositions of different binding states of O 
1s peaks are summarized in Table 4.4. It can be seen from Table 4.4, the ZnO/DLC films 
deposited using ZnO 5 mol %/C and ZnO 10 mol %/C showed a lower fraction of surface 
oxygen vacancies compared to ZnO/DLC films deposited using Zn/C targets at the same 
doping concentrations. As the fraction of surface oxygen vacancies is associated with the 
fraction of point defects that are present, the higher fraction of binding energy at 531.81 ± 
0.08 eV thus suggests a more defective type of ZnO was grown using Zn/C targets. 
 The effects of different targets to the carbon matrix can be revealed by examining 
the C 1s peaks of the samples as in Fig. 4.15. From Fig. 4.15, it can be seen that the C 1s 
peaks of the films were shifted from ~285.2 to ~284.5 eV when the target materials 
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changed from Zn/C to ZnO/C. As the binding energy at ~285.2 eV is associated with 
diamond-type bondings and ~284.5 eV is associated with graphite-type bondings,
19
 the 
shift in the C 1s position from 285.2 to 284.5 eV indicated a reduction of the sp
3
 bonding 
in the ZnO/DLC films when nanocomposite films were grown using ZnO/C targets. In 
order to examine the chemical binding states of carbon, the C 1s spectra were  

















(a) Zn 5 mol %/DLC ~ 285.3 eV

















(b) Zn 10 mol %/DLC
~ 285.1 eV
 

















(c) ZnO 5 mol %/DLC
~ 284.8 eV

















(d) ZnO 10 mol %/DLC
~ 284.9 eV
 
Fig. 4.15.  Deconvoluted C 1s peak on ZnO/DLC films prepared by (a) Zn 5 mol %/C, (b) Zn 10 
mol %/C, (c) ZnO 5 mol %/C and (d) ZnO 10 mol %/C target. 
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Table  4.5. Composition of chemical binding states at C 1s peaks for ZnO/DLC films prepared by 
different types of target. 
 
Type of target Sample sp
3 
content (%) SiC content (%) 
Zn 5 mol %/C Zn 5 mol %/DLC 73.38 3.61 
Zn 10 mol %/C Zn 10 mol %/DLC 63.24 5.72 
ZnO 5 mol %/C ZnO 5 mol %/DLC 31.56 10.91 
ZnO 10 mol %/C ZnO 10 mol %/DLC 41.07 12.83 
 
 
deconvoluted into 5 Gaussian peaks. The binding energies at 283.7, 284.5, 285.2, 286.5 
and 288.5 eV correspond to Si–C, graphite, diamond, C–O contaminated, and C=O bonds, 
respectively.
19
 Deconvolution of the C 1s peak revealed that the peaks areas at 285.2 eV 
for Zn 5 mol %/DLC and Zn 10 mol %/DLC were consistently higher than ZnO 5 
at %/DLC and ZnO 10 mol %/DLC, respectively (Fig. 4.15). In addition, it was observed 
from the deconvolution that the peaks at ~283.7 eV, which correspond to SiC bondings,
 
19,47
 become more obvious for nanocomposite films prepared using ZnO/C targets. The 
compositions of different binding energy states at C 1s are summarized in Table 4.5. 
When the fraction of sp
3 
and SiC bondings were plotted as function of the fraction of 
ZnO bondings formed, there is a directional relationship between the fractions of ZnO 
formed, SiC and sp
3
 content, as shown in Fig. 4.16. It can be seen that as the amount of 
ZnO formed increases, the SiC content also increased but the sp
3
 content present in the 
carbon matrix decreased (Fig. 4.16).  
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 In order to reveal the interfacial property between films and substrates, SIMS was 
employed to construct the depth profile of Zn 10 mol %/DLC and ZnO 10 mol %/DLC. 
Figure 4.17 (a) and (b) show the depth profiling results on Zn 10 mol %/DLC and 

















































Fig. 4.16.  The composition of sp
3 
and SiC bondings as a function of ZnO formed. 
 
 

































(a) Zn10 mol %/DLC

































(b) ZnO 10 mol %/DLC
 
Fig. 4.17.  SIMS depth profiling on ZnO/DLC films prepared by (a) Zn 10 mol %/C and (b) ZnO 
10 mol %/C target 
 





































































Fig. 4.18. The (a) critical load, (b) hardness, (c) Young’s modulus, (d) SiC content and (e) sp3 
content of ZnO/DLC films deposited by different targets. 
 
 
ZnO 10 mol %/DLC, respectively. SIMS shows that oxygen was detected at the 
interfaces of both types of ZnO/DLC, which can be a result of combined effect from 
exposure to ambient condition prior to deposition and the introduction of oxygen during 
the deposition. In Fig. 4.15 (a), the carbon signal is prominent at the surface, however, in 
Fig. 4.15 (b), the carbon signal extends deeper beneath the interface. Thus, this suggested 
that a more prominent intermixing between silicon and carbon had taken place in ZnO 10 
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mol %/DLC film compared to Zn 10 mol %/DLC, which is parallel to the findings from 
XPS.  
 Figure 4.18 (a) shows the adhesion strength of the films characterized using MST. 
It can be seen from Fig. 4.18 (a), the adhesion strength of the films fabricated by ZnO/C 
targets are consistently higher compared to those fabricated by Zn/C targets. The 
hardness of the films deposited using different targets are shown in Fig. 4.18 (b) and it 
can be seen that the hardness the films deposited using ZnO/C targets are 3.5 to 7 times 
higher than those deposited using Zn/C targets. In addition, the Young’s modulus of 
ZnO/DLC films fabricated using ZnO/C targets are 2.8 to 3.5 times higher than those 
fabricated using Zn/C targets (Fig. 4.18 (c)). The adhesion strength, hardness and 
stiffness of the ZnO/DLC films are correlated with the SiC content that was present in the 
films as shown in Fig. 4.18 (d). 
 
4.2.3.2. Surface and frictional properties 
 Figures 4.19 (a) to (d) show the surface morphology for ZnO/DLC films 
fabricated using the four different targets, and RMS for all the samples are summarized in 
Table 4.6. As shown in the table, the RMS increased with increasing dopants 
concentration, i.e. Zn or ZnO, for both type of targets used in this study. However, 
ZnO/DLC films prepared by Zn/C targets were rougher compared to ZnO/DLC films 
prepared by ZnO/C targets. The RMS of Zn 5 mol %/DLC was 7.39 nm, which was 
about 8 % higher than ZnO 5 mol %/ DLC. A similar trend was observed on Zn 10 
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mol %/DLC and the RMS for this film was 9.80 nm, which was about 24 % higher than 
ZnO 10 mol %/DLC (Table 4.6).  
 The frictional properties of the films are also summarized in Table 4.6. Although 
the surface roughness for ZnO/DLC films prepared by Zn/C targets were higher than 
those of ZnO/DLC films prepared by ZnO/C targets, the COF of all four films are similar 
to one another, which resembled that of DLC (COF:0.1). 
 
Fig. 4.19.  AFM scannings (scan size: 1 m × 1 m, z-data scale: 100 nm) on (a) Zn 5 
mol %/DLC (b) Zn 10 mol %/DLC (c) ZnO 5 mol %/DLC and (d) ZnO 10 mol %/DLC. 
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Table 4.6.  Surface roughness (RMS) and coefficient of friction (COF) of ZnO/DLC films 
deposited using different types of target. 
 
Type of target Sample RMS (nm) COF 
Zn 5 mol %/C Zn 5 mol %/DLC 7.39 ± 0.37 0.065 ± 0.003 
Zn 10 mol %/C Zn 10 mol %/DLC 9.80 ± 0.49 0.068 ± 0.003 
ZnO 5 mol %/C ZnO 5 mol %/DLC 6.84 ± 0.34 0.070 ± 0.003 
ZnO 10 mol %/C ZnO 10 mol %/DLC 7.93 ± 0.40 0.072 ± 0.004 
 
 
4.2.3.3. Optical property 
 The PL spectra for ZnO/DLC films deposited by different targets are shown in 
Fig. 4.20. Strong emission peaks at ~378 nm, which resembles bulk ZnO emission,
39
were 
observed only on ZnO/DLC films produced using ZnO/C targets (Fig. 4.20). The 
emission peaks at ~378 nm can be attributed to ZnO band-to-band transition,
33,39,48 
with a 
corresponding band gap of ~3.28 eV.  Other than the characteristic emission peaks, no 
broad peaks were observed around 540 nm,
38
 indicating limited green emission were 
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Fig. 4.20. Overlay of photoluminescence spectra for ZnO/DLC films deposited using different 




High resolution TEM showed that ZnO nanoparticles formed and were embedded 
as nanoclusters in amorphous carbon matrix regardless of the type of target used for 
deposition. However, experimental results showed that different targets had distinctive 
effects on the properties of resulted ZnO/DLC films. The effects of target on the 
formation, and subsequently the properties of ZnO/DLC films formed can be revealed by 
considering the mechanism during a pulsed laser deposition process. In a typical pulsed 
laser deposition process, the growth of films advance in three stages: i) the formation of 
highly forward directed plume of gas phase material when the focus laser beam strikes on 
a target of known composition, ii) the plume interacts both physically and chemically 
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with the background ambient, and iii) the ablated materials condense onto a substrate 
when thin films nucleate and grow.
49
 In addition, during a pulsed laser deposition process, 
the plasma will interact with the laser through inverse bremsstrahlung process. The 
energy absorbed by the ions can be estimated from the model explored in Chapter 3. In 
brief, it is a function depending on the ion density of the ions involved, in which a higher 
ion density will increase the energy absorbed by the system. 
In the deposition using Zn/C targets under oxygen background, ZnO/DLC films 
can be formed when carbon and zinc ions in the plume collide, ionize and interact with 
oxygen present in the chamber. On the other hand, since the penetration depth of ZnO is 
less than the thickness of the material ablated per pulse, ZnO/DLC films with the same 
stoichiometry as ZnO/C targets can be obtained using PLD,
50 
and evidenced by TEM 
results. In addition, as additional oxygen ions were present in the deposition using ZnO/C 
targets due to stoichiometry growth process, the ions density in the plume could be higher 
compared to those fabricated by Zn/C. Thus, this could lead to i) higher energy absorbed 
as expressed by equations (3.3) to (3.5), and ii) the formation of a higher fraction of ZnO 
bonding, as in ZnO 5 mol %/DLC and ZnO 10 mol %/DLC compared to Zn 5 
mol %/DLC and Zn 10 mol %/DLC. 
Nanoindentation results showed that films deposited using ZnO/C targets were 
mechanically harder and stiffer compared to those deposited using Zn/C targets. Studies 
from other researchers have shown the hardness and Young’s Modulus of single crystal 
ZnO is ~5.0 and ~110 GPa, respectively.
39
 By comparison, the hardness and Young’s 
modulus ZnO 10 mol%/DLC deposited using ZnO 10 mol%/C target was ~11.4 and ~215 
GPa, respectively. This shows that ZnO in DLC nanocomposite with improved hardness 
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and stiffness can be obtained using ZnO/C targets.  The effect of different targets on the 
mechanical properties of the resulted films can be revealed by examining the deposition 
mechanism and microstructures of the films. During deposition, energetic ions are 
delivered to the surface and upon impingement, momentum and excess energy from the 
impinging ions can be transferred to the surface atoms through collision process.
22
 
Experimental data showed that higher fraction of ZnO bondings were formed on the 
surface of the films fabricated using ZnO/C targets, which indirectly implies a more 
frequent impingement, and the ions reaching to the surface of the films are at higher 
energy compared to deposition using Zn/C targets. Thus, this may increase the efficiency 
of momentum transfer between the films and the impinging ions during the formation of 
ZnO/DLC films using ZnO/C targets as compared to Zn/C targets. The impingement of 
these energetic species may force and displace carbon atoms into silicon substrate layer, 
and hence forming a thicker intermixed layer of SiC,
51
 as revealed by XPS and SIMS 
results. Since SiC has been reported possessing high stiffness and hardness,
11,52
 the higher 
fraction of SiC detected in the films deposited using ZnO/C compared to Zn/C targets 
explains the higher hardness and Young’s modulus measured on former. In addition, as 
the presence of SiC has been reported to enhance the adhesion strength between film and 
substrate,
11,52
 the presence of higher fraction of SiC bonding in ZnO/C deposited film 
may contributed to the higher adhesion strength measured on these films as compared to 
those deposited using Zn/C targets. On the other hand, as TRIM simulations results 
showed that a significant portion of the excess energy will be dissipated as phonon and 
electron excitations,
26
 thus, it is possible that after the impingement of the energetic 
species on the surface of the film, only part of the energy was used to penetrate into the 
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subsurface layer and the excess energy was released as heat to graphitize the sp
3
 bondings. 
Thus, these could spell out as an increase in SiC content but a reduction in sp
3
 bondings 
as the fraction of ZnO bondings increased in the films.  
 Although TEM has shown that both types of target were capable of forming 
ZnO/DLC films, the photoluminescence results revealed that only ZnO/DLC films 
formed using ZnO/C targets exhibit photoluminescence at ~378 nm, which resembled the 
photoluminescence of bulk ZnO. The photoluminescence efficiency, η can be expressed 
as a function of the probabilities of radiative transition, Ir and the probabilities of non-
radiative transitions Inr , which can be represented by the following equation:
53
  







        (4.2) 
The radiative transition is governed by two factors, i.e. the near band edge excitonic 
related UV emission and deep level emission, while the non-radiative transition is 
induced by crystal imperfection such as points defect, dislocations and grain 
boundaries.
53
 A careful study on the deconvoluted O 1s peaks for ZnO/DLC films 
deposited by Zn/C targets showed that the area percentages of the peaks around 531.8 eV, 
which corresponds to the fraction of oxygen vacancies formed on the surface of ZnO 
nanoparticles, are consistently higher than those deposited by ZnO/C targets. The 
presence of a higher fraction of surface oxygen vacancies in ZnO/DLC films deposited 
by Zn/C targets suggests a high probability for non-radiative transitions, and could lower 
its photoluminescence efficiency. In addition, the amount of ZnO bonding formed in 
ZnO/DLC films fabricated by Zn/C targets is consistently lower than those fabricated by 
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ZnO/C targets. Thus, the absence of photoluminescence peak at UV region in Zn 5 
mol %/DLC and Zn 10 mol %/DLC could be attributed to the reduced amount, yet more 
defective ZnO formed in the films. While  many reports have shown that green emission 
is attributed to the presence of oxygen vacancies in ZnO samples,
53–56
 it is interesting to 
note that there was limited or insignificant green emission (~540 nm) though 
considerable high oxygen vacancy (~27–44 %) were present in both type of ZnO/DLC 
films. Although the presence of oxygen vacancy in ZnO (VO) has been reported to 
contribute to green emission, recent work by Lu et al. showed that the origin of green 
emission cannot be due to oxygen vacancy in ZnO alone because the electronic density of 
states (DOS) of single type VO  does not suggest any possible transition is the range of 
wavelength that corresponds to green emission.
57
 Instead, calculations showed that the 
separation between the highest occupied defect level (HODL) and the lowest unoccupied 
defect level (LUDL) due to the presence of defect complexes such CO-VO and CO-ZnI, 
(CO, and ZnI are carbon substitutional doping at oxygen site and Zn interstitial, 
respectively) is ~.2.2 eV.
57
 The presence of these defect complexes which has HODL–
LUDL of 2.2 eV, suggests possible transition corresponding to the range of green 
emission (2.15 to 2.50 eV) and can be detected from the formation of Zn–C bonding57–59 
As no Zn–C phase was observed in SAED and XPS, the absence of green emission in 
ZnO with high oxygen vacancy is explained. This result is reasonable since the samples 
were grown at room temperature while green emission is found in annealed ZnO or 
annealed ZnO with carbon.
57,60
 
 AFM results show that the surface roughness of the ZnO/DLC film increased with 
increasing dopant concentration regardless of the types of the target used. As the ions 
Chapter 4 Material properties of DLC doped with different metal and metal oxide dopants 
112 
 
density increases with the dopant concentration in target materials, the clusters 
concentration and ZnO particles formed in ZnO/DLC films are higher, and thus 
increasing the RMS of the films. However, it is noted that the surface roughness for 
ZnO/DLC films fabricated by ZnO/C targets is consistently lower than those fabricated 
by Zn/C targets at the same dopant concentration. SIMS showed that the Zn and O signal 
from ZnO/DLC films fabricated by ZnO/C targets extended deeper beneath the surface 
whereas Zn and O signal from ZnO/DLC films fabricated by Zn/C targets are 
concentrated at the shallow layer. As the delivery of ion and heat dissipation beneath 
film’s surface was reported to yield films with reduced roughness,61  the penetration of Zn 
and O species to the subsurface layer owing to the higher energy absorbed during the 
interaction of laser and plasma in using ZnO/C targets, could the reason behind a lower 




 Experimental results showed that ZnO/DLC composite films were successfully 
fabricated by using PLD technique. By embedding ZnO into mechanically hard DLC, the 
hardness and stiffness of the ZnO/DLC composite is improved compared to pure ZnO 
system. On the other hand, PL emission at ~378 nm was successfully introduced into 
inherently transparent DLC, and the adhesion strength of the resulted films was improved 
compared to pure DLC. Thus, the formation of ZnO/DLC is beneficial to ZnO dopant and 
carbon matrix. In addition, it is worth noting that the changes in microstructure, 
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mechanical, interfacial and surface properties are in accordance to the mechanism 
proposed by the model explored in Chapter 3.  
 
4.3. Copper doped DLC with improved electrical conductivity for low 
cost field emission application 
4.3.1. Introduction  
 Copper has been one of the most important materials to mankind since the 
discovery of copper 5000 years ago. It is a d-transition element with atomic number 29, 




 and crystalline in face-centered cubic (FCC) 
structure.
24
 Owing to the similar electronic and crystallography structures to silver, non-
carbide former, i.e. copper possesses many interesting properties that resembled to silver 
such as high ductility, malleability and high electrical conductivity.
24,62 
By incorporating 
copper into DLC, researchers have shown that the presence of soft copper nanoclusters 
reduced internal stress and improved the wear resistance of DLC.
10,63,64
 These suggest 
that low cost nanocomposite with enhanced reliability could be achieved through the 
incorporation of copper. In Chapter 3, the model of interaction between laser and 
nanocomposite system was established based on Cu/DLC and attention was given to the 
changes in surface and microstructural properties due to the deposition mechanism. In 
this section, the electrical property of copper doped DLC is studied using four different 
compositions, i.e. DLC, Cu 5 at. %/DLC, Cu 10 at. %/DLC and Cu 15. %/DLC. By 
coating Cu/DLC films on nanostructured cone, the potential application of Cu/DLC as  
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potential low cost field emitter is examined.  
 
4.3.2. Experimental procedures 
 DLC and Cu doped DLC films were fabricated on Si (100) substrates using PLD 
system. Three individual carbon targets each contained 5, 10 and 15 at. % of Cu and a 
pure carbon target were prepared using the procedures documented in Section 3.4. The 
base pressure of the chamber, distance between target–substrate, laser energy, repetition 
rate and deposition duration was fixed to ~4  10-4 Pa, 5 cm, 150 mJ, 20 Hz and 5 
minutes, respectively. The thickness of the films was ~80–100 nm. The electrical 
property of the resulted films was studied using four point probe.  
 
4.3.3. Results 
 When the samples were examined using TEM, results showed that copper 
nanoclusters were formed and embedded in the amorphous carbon matrix. Figure 4.21 (a) 
and (b) showed the selected TEM scannings on Cu 5 at. %/DLC and Cu 15 at. %/DLC. 
As confirmed by selected area electron diffraction (SAED), the nanoclusters are 
crystalline in nature and measurement on the lattice fringes showed that the inter plane 
distances are ~0.209 and ~0.181 nm, which corresponds to (111) and (200) plane in 
copper, respectively.
66
 In addition, it can be seen from Fig. 4.21 (a) and (b) that the 
density of the copper nanoclusters was higher in Cu 15 at. %/DLC compared to Cu 5 
at. %/DLC, but with no significant changes in the size of the nanoclusters formed.  


















Figure 4.21. TEM image of (a) Cu 5 at. %/DL and (b) Cu 15 at. %/DLC. 
 

































Copper content (at. %)
 
Figure 4.22. Electrical sheet resistivity of DLC doped with different copper content. 
 
 Figure 4.22 shows the electrical sheet resistivity of undoped and copper doped 
DLC. It can be seen from Fig. 4.22 that the presence of 5 and 15 at. % of copper has 





 cm-2, respectively.  As conductive copper nanoclusters were formed in the 
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DLC matrix, the improvement of electrical conductivity could be attributed to electric 
hoping between the adjacent conductive clusters.
66
 Hence, by incorporating copper into 
DLC, the electrical resistivity of DLC can be improved by orders of magnitude. 
  
4.3.4. Application in field emission 
 Field emission is a physical phenomenon of quantum tunneling, in which 
electrons are injected from the surface of materials into vacuum under the influence of an 
applied electric field.
67
 An ideal cold field emitter is often characterized by low turn-on 
voltage, high current density, and maintain high current stability during operation.
67,68
 In 























   (4.3) 




and work function, respectively.   is the taken as 5 eV for carbon materials.68 
β is the total field enhancement factor and related to external and internal amplification 
factor, i.e. β1  and β2, respectively, and can be expressed as in equation (4.4).
68
 The 
external amplification factor is often contributed by surface topography, i.e. geometry of 
the field emitter. On the other hand, the internal amplification factor is related with the 
formation of conductive phase in the microstructure of cold field emitter.  
21       (4.4) 
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 Conventionally, cold cathode materials are usually Spindt tips made of sharp Mo 
or Si,
67,69
 which make use of the geometrical enhancement factor in equation (4.3) and 
(4.4). However, the reliability of these materials often suffers from sulphur poisoning, 
which is released by phosphor screen during actual application.
66,67
 In this case, carbon 
materials has been reported as a promising material due its high resistance to sulphur 
attack. In particular, carbon related materials like carbon nanotubes (CNT) and DLC have 
been part of the intensive study.
66,67,68
 As a result of high aspect ratio and highly 
conductive sp
2
 bonding, CNT has been considered as an excellent cold field emitter for 
the past decade.
67,69
 However, the reliability of CNT made field emitter is often limited 
by the thermal stability of CNT.
70
 
 Owing to the ease of fabrication and chemical inertness, DLC has been given 
attention as a potential candidate for field emission application. Although various models 
have been proposed on the field emission mechanism of DLC, it is now generally 
accepted that the presence of highly conductive sp
2
 phase that form conducting channels 
within the films are responsible for the field emission of DLC.
71
 More recently, by 
incorporating silver into DLC, Ahmed et al. reported composite films with lowered 
threshold voltage (~ 2.6 Vm-1) can be obtained.72 In a separate study, Paul et al. showed 
that the incorporation of ~0.4 at. % of gold into DLC has yielded composite film with 
threshold voltage ~10.5 Vm-1.73 However, large scale manufacturing of field emitters 
using silver and gold is highly expensive and thus, less promising for commercialization. 
 
 









 In Section 4.3.3, experimental results showed that the presence of copper can 
improve the electrical resistivity by orders of magnitude. As the most conductive material 
after silver yet available at a remarkable lower cost, Cu/DLC could be a more promising 
candidate as low cost cold cathode material. By coating the conductive Cu/DLC on Si 
nanocones with sharp ends as shown in Fig. 4.23, the field emission properties of the 
samples were tested. Figure 4.24 shows the plot for current density (µAcm
-2
) as a 
function of electric field strength (Vµm
-1
) for the various compositions of films grown on 
cone. Turn-on (or threshold) field was defined as the electric field needed to produce 1 
µAcm
-2
 of current density from the specimen.
74
 It can be seen from Fig. 4.24 that 
electrons were emitted from Cu 15 at. %/DLC on cones. As the The Fowler–Nordheim 
plots shown in Figure 4.24 fitted well into the linear equation (Fig. 4.25), the emission 
was through tunneling assisted by electric field.
67,69
 By approximating the effective 
emission area as the probe tip (diameter ~20 m), the presence of 15 at. % Cu improved  
























 DLC on cone
 Cu 5 at. %/DLC 
         on cone
 Cu15 at. %/DLC 
         on cone
 
Fig. 4.24. Current density as a function of electric field for DLC on Si nanocones, Cu 5 
at. %/DLC on Si nanocones and Cu 15 at. %/DLC on Si nanocones. 






















Fig. 4.25. Linear fit of Fowler–Nordheim equation for Cu 15 at. %/DLC on Si nanocones. 
 
the maximum current to ~1.1×10 A, which translated to approximately 11 mA.cm-2 as 
compared to 1 mA.cm
-2
 as useful current. 
 In order to assess the durability of the samples, current stability was performed in 
which the samples were subjected to 900 V applied field for 1000s. It can be seen from  



































 DLC on cone  
 Cu 5 at. %/DLC on cone 
 Cu 15 at. %/DLC on cone
at 900 V
 
Fig. 4.26. Current stability test on DLC on cone, Cu 5 at. %/DLC on Si nanocones and Cu 
15 at. %/DLC on Si nanocones under 900 V for 1000s. 






















 content of DLC on Si nanocones, Cu 5 at. %/DLC on Si nanocones, Cu 15 
at. %/DLC on Si nanocones. Cu 15 Pre and Cu 15 Post denote Cu15 at. %/DLC on Si nanocones 
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Fig. 4.26 that the emission current of Cu 15 at. %/DLC on cones remains stable under 
high applied field. When the microstructures of the samples were examined using XPS, it 
can be seen from Fig. 4.27 that no significant changes was found on the sp
2
 content of Cu 







 By coating Cu/DLC on cones, experimental results showed that low cost field 
emitter with enhanced current stability and resistance to thermal degradation can be 
obtained. The current density of the samples was improved to 11 mA.cm
-2 
with the 
presence of 15 at. %/DLC, and the improvement can be attributed the presence of copper 
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Prediction of changes in microstructure and surface properties 
for different metal doped DLC nanocomposite systems 
 
 Many studies have shown that the presence of dopants can alter the 
microstructures
1–18 
and surface morphology of ultra-smooth DLC matrix,
15–24
 but a 
scientific basis to predict these changes is yet available. Based on the simple model 
explored in Chapter 3, prediction on the changes in surface and microstructural properties 
of DLC doped with different metals such as Cu, Ni, Mn and Ti is made and compared 
with experimental results. By considering the interaction between metal in addition to 
carbon ions and laser as envisaged by Saha’s equation, the materials parameters 
influencing the growth mechanism and resulted properties are discussed in this chapter. 
 
5.1. Introduction  
 Metal-containing DLC nanocomposite has been subjected to intense research 
efforts over the last two decades as the addition of metals into DLC was demonstrated as 
one of the effective ways in reducing the internal stress and imparting diversified 
properties to DLC.
4,11,13,17,25,26 










 were reported to form independent nanoclusters within the carbon 
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matrix.  In many cases, the formation of nanoclusters is often desired as novel material 
properties can be imparted while the nanoclusters benefit from the mechanical protection 
from carbon matrix. However, a recent studies showed that the presence of certain type of 
metals such as Ti and W
15,24 
at low concentration can reduce the surface roughness of 
DLC. In addition, by using the same deposition technique, the presence of Mo yielded 
DLC composite films with higher surface roughness as compared to Ti when comparison 
was made at the same doping concentration.
24 
On the other hand, by incorporating metal 
















 into DLC, 
the microstructures i.e. sp
3
 bonding which governs the material properties of DLC were 
found to decrease and Wei et al. further showed that Ti was more effective in 
graphitizing sp
3
 bonding compared to Cu.
12,13
 Although interesting results were reported 
in these studies, limited attention was given to explain on the different effects between Ti 
and other metal dopants on the surface and microstructure properties of the composite 
films. In addition, despite dedicated efforts taken to characterize the material properties 
of the composite films, the material parameters of different metal dopants which had 
governed the growth mechanism and caused differences in the surface and microstructure 
properties of DLC remain ambiguous. Moreover, though numerous studies have been 
devoted to study the formation and properties of DLC in the presence of carbon ions, a 
scientific basis to predict the changes in surface and microstructure properties of DLC 
due to the presence of different dopants is yet available. As the reliability and properties 
of DLC can be altered with the presence of metal dopants, an understanding on the 
factors behind affecting these changes is immense in both realizing DLC with diversified 
properties and maximizing the reliability of protection offered to various nanoclusters 
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 In this chapter, the model established based on the interaction 
between laser and Cu/C composite system is extended to different metal doped systems 
such as Ni/C, Mn/C and Ti/C. The changes in surface and microstructure properties are 
predicted based on the model explored and compared with experimental results. Using 
combined analysis from theoretical estimations, which consider the interaction of laser 
and metal/carbon composite systems, TRIM simulations and experimental results, the 
material parameters that influence the growth mechanism, microstructures and surface 
properties of DLC nanocomposite are examined. 
 
5.2. Experimental procedures 
 DLC and metal doped DLC films, with thickness ~90–100 nm were fabricated on 
Si (100) substrates using PLD system. A pure carbon (C), copper/carbon (Cu/C), 
nickel/carbon (Ni/C), manganese/carbon (Mn/C) and titanium/carbon (Ti/C) targets were 
prepared using procedures documented in Chapter 3.1.2. The doping concentration for 
each of the metal/carbon targets was fixed at 5 at. %. The naming and details of the 
samples are tabulated in Table 5.1. The base pressure, laser repetition rate, laser energy 
and deposition duration was 4  10-4 Pa, 20 Hz, 200 mJ and 5 minutes, respectively. The 
target–substrate distance was fixed at 7.5 cm to minimize the presence of droplets as a 
result from splashing. The effects of metal ions with different material properties on DLC 
matrix during deposition were simulated with TRIM using energy absorbed by ions 
estimated from equation (3.1), (3.2), (3.3), (3.1) and (3.5). In order to study the effects of 
different magnitudes of energy absorbed by different metal composite systems using  
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Table 5.1. The naming and details of samples deposited using different type of target materials. 
 
 




DLC C - 0 
Cu 5 at. %/DLC Cu 5 at. %/C Cu 5 
Ni 5 at. %/DLC Ni 5 at. %/C Ni 5 
Mn 5 at. %/DLC Mn 5 at. %/C Mn 5 
Ti 5 at. %/DLC Ti 5 at. %/C Ti 5 
 
TRIM, a bundled model was used, in which the amount of energy absorbed was 
considered by a single big bundled ion. The laser energy was scaled down by one order 
and substituted into Equation (3.5) in order to account for energy lost due to black body 
radiation
23
 and to reduce computing power. 
 
5.3. Results 
5.3.1. Simulations based on model explored 
 By considering the energy absorbed due to interaction of laser and plasma formed 
during laser deposition process, it can be seen from Fig. 5.1 that the energy absorbed 
increased by orders of magnitude with the presence of metal, and the energy absorbed 
become increasingly higher with metal dopant with lower first ionization potential and 
coefficient of extinction. With the energy absorbed through the interaction with laser, the  
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ions will be delivered to substrate in forming films. The distribution of the impinging 
ions can be revealed by examining TRIM simulation performed using the estimated 
energies absorbed during the interaction between laser and plasma. The distribution of 
ions from films’ surface was plotted as a function of atomic density versus ratio of ions’ 




























































Fig. 5.1.  Energy absorbed, energy per ion, coefficient of extinction and fist ionization potential 
for C, Cu, Ni, Mn, and Ti. 



























































































Fig. 5. 2. The ratio of ions’ distance from film surface for DLC, Cu 5 at. %/DLC, Ni 5 at. %/DLC, 
Mn 5 at. %/DLC and Ti 5 at. %/DLC from TRIM simulations. 
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Table 5.2. The Energy absorbed, energy per ion, ratio of ions’ distance from substrate’s surface 



















DLC 21.8  9.74 × 10
-10
 1.00 19 
Cu 5 at. %/DLC 8.13 × 10
4
 5.95 × 10
-8
 2.03 38 
Ni 5 at. %/DLC 1.07 × 10
5
 6.83 × 10
-8
 3.05 58 
Mn 5 at. %/DLC 2.06 × 10
5
 9.48 × 10
-8
 4.00 116 
Ti 5 at. %/DLC 1.46 × 10
6
 2.52 × 10
-7
 43.85 831 
 
 
distance from substrate’s surface, as shown in Fig. 5.2. It can be seen from Fig. 5.2 that 
the distribution of dopants were affected by the energy per ion. The atoms were 





), as in the case of DLC. For target system that contained metal dopant such as Ti 
5 at. %/C, the location of the maximum atom density was well below the surface when 




). The ratio of the distance of ions 
from surface and locations where maximum atoms distributed in each sample were 
tabulated in Table 5.2. In addition, as the ion impinging on the substrate, the excess 
energy will be released as heat, as shown in Fig. 5.3. It can be seen from Fig. 5.3, the 
amount of heat dissipated increased with the increasing energy per ion. Moreover, the 
heat dissipation become more obvious with dopants that possessed a reduced coefficient  
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Fig. 5.3. Heat dissipation from TRIM as a function of energy per ion (top), coefficient of 
extinction (middle), and first ionization potential (bottom). 
 
of extinction and first ionization potential. By considering the position of the ions 
distributed from the surface of film and amount of heat dissipated, metal/carbon system 
with the lowest coefficient of extinction and first ionization, i.e. Ti/DLC was predicted to 
possess the lowest content of sp
3
 bonding since this system dissipated the highest amount 
of heat and the clustering of metal dopants will be beneath the substrate.  
 
5.3.2. Experimental results 
 Figure 5.4 shows the Raman spectra of DLC and metal doped DLC samples. The 
broad peaks that centered around 1550 cm
-1
 of all the samples evidenced the samples are 
Chapter 5 Prediction of changes in microstructure and surface properties for different metal 





 These broad peaks were deconvoluted into D and G peaks, and 
the overlay of the deconvoluted Raman spectra of selected samples, i.e. DLC and Ti 5  




















Ni 5 at. %/DLC
Mn 5 at. %/DLC
Cu 5 at. %/DLC
Ti 5 at. %/DLC
 
Fig. 5.4.  Raman spectra of DLC, Cu 5 at. %/DLC, Ni 5 at. %/DLC, Mn 5 at. %/DLC and Ti 5 
at. %/DLC. 
 



















Ti 5 at. %/DLC
DLC
 
Fig. 5.5.  Deconvoluted Raman spectra of DLC (bottom) and Ti 5 at. %/DLC (top). 
Chapter 5 Prediction of changes in microstructure and surface properties for different metal 
doped DLC nanocomposite systems 
136 
 
Table 5.3. D and G peak positions, D and G peak intensities, ID/IG, sp
3
 content estimated by 































DLC 1398.40 31.05 1567.50 97.71 0.32 73.39 60.15 
Cu5/DLC 1390.87 21.81 1556.49 55.65 0.39 68.35 57.03 
Ni5/DLC 1399.11 35.13 1584.55 76.80 0.46 63.89 50.88 
Mn5/DLC 1347.96 50.00 1552.58 74.51 0.67 49.37 41.77 
Ti5/DLC 1425.13 82.35 1561.28 67.65 1.22 12.22 11.68 
 
at. %/DLC is shown in Fig.5.5. The D and G peak positions, intensities, and estimated sp
3
 
content of all the samples are summarized in Table 5.3. It can be seen from Fig. 5.5 and 
Table 5.3 that the ID/IG ratio for DLC films increased from 0.32 to 0.39, 0.46, 0.67 and 
1.22, when 5 at. % of Cu, Ni, Mn and Ti was added into DLC, respectively. As a higher 
ID/IG ratio indicates a lower fraction of sp
3
 content that present in DLC,
34,35
 Ti/DLC 
which possesses the highest ID/IG ratio, contained the least sp
3 
bonding. In addition, a 
comparison across the ID/IG ratios among all the samples revealed that Ti with the lowest 
coefficient of extinction and first ionization potential energy was the most effective metal 
in reducing the sp
3
 bonding. This result is consistent with Wei et al.,
12,13
 in which Ti was 
found more effective in graphitizing DLC compared to Cu. The effects of different metals 
on the microstructural properties of DLC can be revealed by examining the XPS spectra 
of the samples. The deconvoluted C 1s peaks for the films are as shown in Fig. 5.6 (a) to 
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(e).  It can be seen from Fig. 5.6 (a) to (e) the peaks’ area at 285.2 eV which was 
corresponded to sp
3
 bonding in DLC was the largest compared to the rest of the samples.  



































b)Ni 5 at. %/DLC

















c)Mn 5 at. %/DLC 

















d)Cu 5 at. %/DLC

















f) Ti 5 at. %/DLC
 
Fig. 5.6.  Deconvoluted XPS C 1s spectra of (a) DLC, (b) Ni 5 at. %/DLC, (c) Mn 5 
at. %/DLC, (d) Cu 5 at. %/DLC and (e) Ti 5 at. %/DLC. 
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Fig. 5.7. ID/IG ratio and sp
3




bonding in DLC was reduced from ~60 to ~57, ~51, ~42 and ~12%, when 5 at. % 
of Cu, Ni, Mn and Ti was added into DLC, respectively. The sp
3
 content estimated by 
XPS is tabulated in Table 5.3 and is shown in Fig. 5.7, together with the ID/IG ratio 
obtained from Raman spectroscopy. It can be seen from Table 5.3, the estimation on sp
3
 
content by using XPS was found to correlate reasonably well with the estimation from 
Raman spectroscopy. In addition, it is worth noting that both the characterizations 
showed that Ti with lowest first ionization potential energy and coefficient of extinction 
was the most effective in reducing the sp
3
 bonding compared to the other metals under 
investigation. Thus, this ascertains the prediction based on the model explored. 
 Figure 5.8 shows the surface morphology of DLC and metal doped DLC samples. 
The image surface roughness, i.e. image RMS, which considered the roughness of 1 m2 
scan area of the samples are given in Table 5.4. It can be seen from Fig. 5.8 and Table 5.4   
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that the presence of metal reduced the surface roughness of DLC. In addition to image 
surface roughness, box surface roughness, i.e. box RMS which only considered 0.25 m2 

















































Fig. 5.8. AFM scanning for (a) DLC, (b) Cu 5 at. %/DLC, (c) Ni 5 at. %/DLC and (d) Mn 5 
at. %/DLC and (e) Ti 5 at. %/DLC. Scan size: 1 m × 1 m for all the images. Z-data scale of (a) 
was 20 nm, and 10 nm for (b), (c), (d) and (e). 
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DLC - 0.521± 0.027 0.228 ± 0.014 
Cu 5 at. %/DLC 5 0.477 ± 0.024 0.126± 0.006 
Ni 5 at. %/DLC 5 0.139 ± 0.007 0.119 ± 0.006 
Mn 5 at. %/DLC 5 0.112 ± 0.006 0.096 ± 0.005 
Ti5/DLC 5 0.060 ± 0.003 0.055 ± 0.003 
 
 
in Table 5.4. It can be seen from Table 5.4, the image RMS and box RMS showed a 
similar trend, in which Ti with the lowest first ionization potential energy and coefficient 
of extinction yielded DLC nanocomposite films with the smoothest surface among the 
samples tested. In addition, it is worth noting that the experimental results correlate well 
with the prediction based on model explored. 
 
5.4. Discussion 
 Experimental results showed that the changes in surface and microstructure 
properties of different metal doped DLC films can be predicted based on the material 
parameters, i.e. first ionization potential and coefficient of extinction of the dopants. The 
material parameters influencing the surface properties of DLC nanocomposite can be   
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Fig. 5.9.  Distribution of atom from films’ surface as a function of energy per ion (bottom) and 
RMS measured as a function of energy per ion (top). 
 
revealed by performing a combined analysis on TRIM and experimental results. By 
plotting the ratio of ions’ distance from surface versus energy per ion estimated and 
compared with the experimental measured RMS, it can be seen from Fig. 5.9 that the 
distribution and roughness of metal doped DLC were governed by the energy per ion of 
the impinging species, in which the surface roughness decreases with increasing 
ions’distance from substrate’s surface and increasing energy per ion.  A careful study on 
Equation (3.1), (3.2), (3.3), (3.4) and (3.5) showed that the energy absorbed by the system, 
and subsequently the energy per ion are actually governed by the coefficient of extinction 
and first ionization potential of the dopants (Fig. 5.10). The presence of an element with 
lower first ionization potential and coefficient of extinction compared to carbon can  
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Fig. 5.10. The influence of first ionization potential, U (bottom) and coefficient of extinction, k 
(top) on energy per ion. 
 
increase the ion density, and subsequently the energy absorbed by the system. The 
combined effects of these two material parameters can manifest as the energy per ion of 
the system, in which the metal with lowest first ionization potential and coefficient of 
extinction will possess the highest energy per ion.
31,37–39 
A general survey through Fig. 
5.1 shows that the first ionization potential and coefficient of extinction of metals, such as 
Cu, Ni, Mn and Ti are lower than carbon.
40,41
 Thus, the metal/carbon systems, i.e. Cu/C, 
Ni/C, Mn/C and Ti/C can possess higher energy per ion compared to single carbon 
system, and Ti/C will possess highest energy per ion due to the combination of lowest 
first ionization potential and coefficient of extinction (Fig.5.1). With the increased energy 
per ion, TRIM results showed that the impinging ions will be penetrate to the subsurface 
Chapter 5 Prediction of changes in microstructure and surface properties for different metal 
doped DLC nanocomposite systems 
143 
 
and increase the distance of the ions from the surface of the film (Fig. 5.2 and 5.9 
(bottom)). Thus, the heat dissipation and thermal diffusion process will be at the bulk of 
the films with the increased energy per ion. As the formation of nanoislands or surface 
evolution will be more prominent in the case where the energy per ion is lower and the 
ions were delivered to the surface of the films,
42,43 
the higher RMS measured on Cu/C 
compared to Ti/C is explained (Fig. 5.9 (top)) Thus, by estimating the distance between 
the ions and films surface through the coefficient of extinction and first ionization 
potential, which governed the energy per ion, the trend of the surface evolution can be 
estimated (Fig. 5.9).   
 On the other hand, the material parameters affecting the changes in 
microstructures can be elucidated by considering the deposition mechanism of DLC 
nanocomposites. During the growth process, energetic ions were delivered to the surface 
of substrate and upon impingement the excess heat can be released as heat, as shown in 
TRIM simulation and results from other studies.
31,43
 Owing to lower first ionization 
potential and coefficient of extinction of metals, such as in Cu, Ni, Mn and Ti compared 
to carbon, the energy absorbed and subsequently the amount of heat dissipated upon the 
impingement of ions on the films will be higher than that of a single carbon system. The 
combined effects from first ionization potential and coefficient of extinction can be 
expressed as a single term, i.e. energy per ion, and TRIM results showed that the amount 
of heat dissipated increased with increasing energy per ion (Fig. 5.3 and Fig. 5.11 (Top)).  
 Graphitization can be induced by means of heat, such as friction induced 
annealing
44
 and thermalization during deposition process.
45
 Thus, with the increased 
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Fig.5.11. Heat dissipation as a function of energy per ion (bottom) and sp
3
 content as a function 
of energy per ion (top). The sp
3
 content decreases with increasing heat dissipation was observed. 
 



























































 Fig. 5.12.  sp
3 
content as a function of coefficient of extinction (top) and sp
3
 content as a function 
of first ionization potential energy of the metal dopants. The sp
3
 content decreases with the 
decreasing of coefficient of extinction and first ionization potential of metal dopants. 
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amount of heat dissipated, as a result of higher energy per ion contributed by the lower 
first ionization potential and coefficient of Ti in Ti/C system, the lower sp
3
 content in 
Ti/C system (sp
3 
~11.68%) compared to single carbon system (sp
3
 ~60.15%) as shown in 
Fig. 5.11 is explained. In fact, a direct comparison between the coefficient of extinction, 
first ionization potential and experimentally measured sp
3
 content (Fig. 5.12) showed that 
the microstructures in DLC nanocomposite are affected by these two material constants, 
in which metal dopant with lowest coefficient of extinction and first ionization is most 
the effective in graphitizing the sp
3
 bonding. Thus, by considering the first ionization and 
coefficient of extinction, which can alter the amount of heat dissipated and in turn affect 
the graphitization of sp
3
, the changes of microstructures in the formation of DLC 
nanocomposite can be estimated.  
 
5.5. Summary 
 The changes in surface and microstructures properties for different metal doped 
DLC films can be predicted from the model established based on interaction between 
laser and composite system. Theoretical calculations showed that the presence of metal 
dopant with lower first ionization potential energy and coefficient of extinction will 
increase the energy absorbed and subsequently the energy per ion during the growth 
process. With the increased energy per ion, the impinging ions will penetrate deeper into 
the films, which can lead to a reduction in RMS. On the other hand, as the amount of heat 
dissipated will be increased with the increasing energy per ion, the presence of metal 
dopant which has a lower first ionization energy and coefficient of extinction can be more 
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effective in graphitizing the sp
3
 bonding since more heat can be dissipated with the 
increasing energy per ion. Thus, by considering these two material constants, the surface 
evolution and changed in microstructures of amorphous carbon doped with different 
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Conclusions and future work 
 
6.1. Conclusions 
 The primary objective of this work was to establish an understanding on the 
material properties and growth mechanism of DLC nanocomposite. In order to achieve 
this objective, a model based on the interaction of laser and DLC composite system that 
revealed the role of dopant in altering growth mechanism of DLC nanocomposite was 
explored. Using PLD technique, DLC doped with different types of dopants such as Er, 
Cu, Ni, Mn, Ti, Er2O3 and ZnO were fabricated and the material properties of the resulted 
films were examined. The changes in material properties of the resulted films were in 
agreement and explainable by the model established. By considering the physics and 
interaction between laser and different material systems, the material parameters of 
different dopants that could influence the growth mechanism and subsequently allowed 
predictions on the material properties of DLC nanocomposite to be made were indentified 
in this study.  
 The growth mechanism of DLC nanocomposite was revealed using a simplified 
model considering the role of dopants, interaction of laser with composite target and 
application of Saha’s equation into the formation of DLC nanocomposite. It was shown 
in this study that the presence of dopant was found to increase the energy absorbed by the 
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composite system. The energy absorbed due to the presence of dopants estimated using 
equation (3.1) to (3.5), was shown to increase with increasing dopant content.  With the 
energy absorbed from the interaction with laser, energetic ions will be delivered to the 
surface of substrate in forming films where upon impingement, excess energy can be 
released as heat, as shown in TRIM simulation. The heat may allow the metal ions to 
diffuse and bond with other ions to form nanoclusters. By performing TRIM simulations, 
the presence of metal was shown to increase the heat dissipation during the formation of 
DLC nanocomposite. The diffusion process was enhanced and thus promoted the 
formation of nanoclusters with increasing dopant concentration, which manifested as an 
increase in surface roughness and cluster density as shown in experimental results. As 
thermalization during deposition can graphitize the sp
3 
bonding of DLC, the reduction in 
sp
3
 bonding with increasing dopants was explained. In addition, as the energy absorbed 
by metal can be higher than carbon, the impingement of metal such as erbium and copper 
can rearrange the distribution of the carbon and silicon atoms; thus, formed SiC bondings 
as supported by simulations and experimental results.  
 By conducting systematical studies using erbium at varied doping concentration, 
DLC nanocomposite with reduced internal stress and improved adhesion strength were 
obtained. In general, the presence of erbium enhanced the graphitization process, in 
which the sp
3
 that governed the mechanical properties of DLC was reduced. The surface 
roughness of DLC nanocomposite films was observed to increase with increasing dopant 
concentration; however, the COF of DLC nanocomposite was insensitive to the presence 
of dopants. On the other hand, deposition of Er2O3/DLC films showed that metal oxide 
retained its oxidation states in DLC matrix. Although Er and Er2O3 retained their 
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respective oxidation states and existed as different type of dopants in DLC, both showed 
similar effects in reducing the sp
3
 content but increased the surface roughness of DLC. 
Despite the similar effects to the microstructures and surface properties, Er2O3/DLC 
possessed higher adhesion strength in comparison to Er/DLC films, which can be 
explained by the presence of higher ion density as revealed by the model established. As 
compared to other composite system, the presence of erbium and erbium oxide was found 
to be effective dopants in improving the adhesion strength of DLC since comparable 
adhesion strength can be obtained at dopant concentration ~10× lower than other dopant. 
 On the other hand, using Zn/C and Zn/O targets, ZnO/DLC films with improved 
mechanical properties were successfully fabricated using PLD technique. Although both 
types of targets were capable of forming ZnO nanoclusters and showed similar results on 
the microstructure and surface properties of resulted ZnO/DLC films, i.e. reduced the sp
3
 
but increased surface roughness of the resulted films, only ZnO/C targets were capable of 
yielding ZnO nanoclusters with ~377 nm PL emissions. The presence of PL peak in these 
films can be due to the increased ZnO bonding and reduced oxygen vacancies formed in 
the ZnO nanoclusters when ZnO/C targets were used. XPS showed that these films 
possessed lower sp
3
 but higher SiC bondings, and the sp
3
 bondings present in the films 
was inversely correlated with the fraction of ZnO bondings. Thus, this hinted that the 
formation of more ZnO nanoparticles, may have graphitized the carbon matrix since 
more excess energy could be released as more ZnO particles bombarded on the carbon 
matrix. The improved adhesion strength, hardness and Yuong’s modules of the resulted 
films could be attributed to the formation of SiC phase. By performing a combined 
analysis on the interfacial and properties of the resulted films, the surface evolution in 
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ZnO/DLC films deposited can be related to the clustering of dopants and the shallower 
distribution of ZnO on the surface of the films, as a result of reduced energy in ions due 
to the scattering from oxygen. These implied that the microstructures and surface 
roughness of DLC nanocomposite can be influenced by the energy of the impinging ion, 
and in agreement with explanations offered by the model explored. 
 As the presence of dopants in different nanocomposite systems showed similar 
effects on the changes of surface and microstructure properties, the study was extended to 
examine the material parameters that influence the growth mechanism of DLC 
nanocomposites. In order to achieve this, DLC were doped with metals such as Cu, Ni, 
Mn and Ti with different physical properties and the material parameters that influence 
the growth mechanism of DLC nanocomposite were investigated. By considering the 
interaction of laser with matter, the material parameters of different dopants were 
narrowed down to first ionization potential and coefficient of extinction, and the energy 
absorbed by C, Cu/C, Ni/C, Mn/C and Ti/C targets were estimated using equation (3.1), 
(3.2), (3.3), (3.4) and (3.5). The theoretical estimated energy was used to perform TRIM 
simulation and results showed that the presence of metal with lowest first ionization 
potential and coefficient of extinction, i.e. Ti possessed the highest energy per ion and 
amount of heat dissipated. With increasing energy per ion, TRIM showed that the ion will 
penetrate deeper into substrate. The prediction from analytical solution and TRIM based 
on the first ionization potential and coefficient of extinction showed that Ti will possess 
the lowest sp
3
 bonding and the lowest surface roughness, as a result from the higher 
amount of heat dissipated and deeper penetration into substrate. In opposite, carbon that 
formed DLC possesses higher first ionization potential and coefficient of extinction will 





 content and RMS. When the samples were experimentally examined 
using Raman spectroscopy, XPS and AFM, the trend in sp
3 
content and RMS correlated 
well with the prediction from TRIM and estimation based on coefficient of extinction and 
first ionization potential. Thus, by considering these two material constants, the 
microstructures and surface properties of amorphous doped with different metals can be 
predicted based on the model explored.  
 The primary contribution of this study is that it has revealed the growth 
mechanism of DLC nanocomposite by considering the role of dopants in the formation of 
nanocomposite system. To my best knowledge, the interaction of laser with composite 
system, which considered the role of dopants in addition to carbon, and the mechanism 
behind the changes of microstructure (sp
3
), particularly using PLD were not studied 
previously. By identifying the material parameters of dopants that influenced the changes 
of microstructures and surface properties of DLC, this work may contribute to the 
prediction on property changes in DLC with respect to different types of dopant, and 
serve as a guideline in the development of DLC nanocomposite for different applications. 
In addition, as the fabrication and material properties of some of the nanocomposite 
systems such as Er/DLC, Er2O3/DLC, ZnO/DLC and Cu/DLC coated nanocones have not 
been reported before, this study may contribute to future optimization of growth 
condition and widen the application of DLC nanocomposites.  
  
6.2. Future work 
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 This study presented an original investigation on the material properties and 
growth mechanism of DLC nanocomposite using PLD technique. The model developed 
revealed the material parameters that influence the material properties of DLC 
nanocomposite were based on the interaction of laser with composite material system, 









 are receiving increased research attention 
owing to their superior material properties. For example, CaO and CeO2 were reported to 
improve the biological acceptance of DLC in medical applications.
1–5
 AlN is another 
compound that is of technological importance, in which it is a capable of giving deep UV 
emission and could possibly replace GaN in optoelectronics applications.
6,7
 Dual metal 
systems such as Ag/Pt have been reported as an effective combination in imparting 
antimicrobial effects in DLC composite system owing to the galvanic effects from the 
dual metals system.
14
 As many interesting properties can be imparted from compound 
dopants, it would be of great significance to establish an understanding on the growth 
mechanism and reveal the material parameters that govern the material properties of 
compound doped DLC nanocomposite in future. Moreover, it would be of great 
beneficial if future research effort will be devoted to understand the interaction of laser 
with ternary ions system such as Zn, O and C in ZnO/C system. This may be beneficial to 
explain the material properties of defective ZnO studied in this work. In addition, since 
the presence of dopants were found to increase the energy absorbed and subsequently 
altered the surface and microstructures of DLC, it may be beneficial for future fabrication 
of DLC nanocomposites to be performed in two stages, in which the dopants are 
deposited before carbon, or alternating deposition between dopants and carbon.  
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 As the aim of this study was to investigate the material properties and reveal the 
growth mechanism of DLC nanocomposite, the PLD technique which is capable of 
delivering stoichiometry growth flux was used in this study. However, as PLD technique 
is limited to lab scale fabrication, it could be useful if future research extends the 
investigation on DLC nanocomposite to use commercialized techniques, such as FCVA 
system.
15
 FCVA has been utilized in magnetic hard disk industry
15
 in producing DLC 
films with high sp
3 
content, and has been reported to form metal and metal-oxide 
containing DLC.
15
 Coupled with a magnetic filter and power supply, the presence of 
macroparticles which are detrimental to device fabrication can be eliminated and ion 
energy can be precisely controlled. Thus, could possibly bring DLC nanocomposite to 
actual applications, after the growth mechanism are fully understood.  
 In summary, there are still fundamental and technological challenges needed to be 
addressed before DLC nanocomposite can be practically employed in actual applications. 
However, as DLC nanocomposite benefits from unique properties offered by the carbon 
matrix, and material properties can be tailored using different combinations of dopants, it 
can be an important class of materials with diversified applications in different fields of 
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